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Internet Resources for the Antibody Engineer 

Benny K. C. Lo and Yu Wai Chen 

1. Introduction 

The Internet contains a wealth of information and tools that are relevant to 
various aspects of antibody engineering. Here, we present a collection of use- 
ful websites and software that is specific to antibody structure analysis and 
engineering, as well as for general protein analysis. Although this survey is by 
no means complete, it represents a good starting point. This list is accurate at 
the time of writing (August 2003). 

2. List of Websites 

2. 1. Antibody-Specific Sites 

2.1.1. The Kabat Database (G. Johnson and T. T. Wu, 2002; 
http://www. kaba tda tabase. com) 

Created by E. A. Kabat and T. T. Wu in 1966, the Kabat database pub- 
lishes aligned sequences of antibodies, T-cell receptors, major histocompati- 
bility complex (MHC) class I and II molecules, and other proteins of 
immunological interest. A searchable interface is provided by the Seqhuntll 
tool, and a range of utilities is available for sequence alignment, sequence 
subgroup classification, and the generation of variability plots (see Chapter 2 
for more details). 

2. 1.2. KabatMan (A. C. R. Martin, 2002; 
http://www. bioinf. org. uk/abs/simkab.html) 

This is a web interface to make simple queries to the Kabat sequence data- 
base. For more complex cases, queries should be sent directly in the KabatMan 
SQL-like query language. 
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2.1.3. IMGT, the International ImMunoGeneTics Information System® 
(M. -P. Lefranc, 2002; http://imgt.cines.fr) 

IMGT is an integrated information system that specializes in antibodies, T- 
cell receptors, and MHC molecules of all vertebrate species. It provides a com- 
mon portal to standardized data that include nucleotide and protein sequences, 
oligonucleotide primers, gene maps, genetic polymorphisms, specificities, and 
two-dimensional (2D) and three-dimensional (3D) structures. IMGT includes 
three sequence databases (IMGT/LIGM-DB, IMGT/MHC-DB, IMGT/PR1MER- 
DB), one genome database (IMGT/GENE-DB), one 3D structure database 
(IMGT/3Dstructure-DB), and a range of web resources ("IMGT Marie-Paule 
page") and interactive tools (see Chapter 3 for more details). 

2. 1.4. V-BASE (I. M. Tomlinson, 2002; 
http://www.mrc-cpe.cam.ac.uk/vbase) 

V-BASE is a comprehensive directory of all human antibody germline vari- 
able region sequences compiled from more than one thousand published 
sequences. It includes a version of the alignment software DNAPLOT (devel- 
oped by Hans-Helmar Althaus and Werner Miiller) that allows the assignment 
of rearranged antibody V genes to their closest germline gene segments. 

2. 1.5. Antibodies — Structure and Sequence 

(A. C. R. Martin, 2002; http://www.bioinf.org.uk/abs) 

This page summarizes useful information on antibody structure and 
sequence. It provides a query interface to the Kabat antibody sequence data, 
general information on antibodies, crystal structures, and links to other anti- 
body-related information. It also distributes an automated summary of all anti- 
body structures deposited in the Protein Databank (PDB). Of particular interest 
is a thorough description and comparison of the various numbering schemes 
for antibody variable regions. 

2. 1.6. AAAAA— AHo's Amazing Atlas of Antibody Anatomy 
(A. Honegger, 2001; http://www.unizh.ch/~antibody) 

This resource includes tools for structural analysis, modeling, and engineer- 
ing. It adopts a unifying scheme for comprehensive structural alignment of 
antibody and T-cell-receptor sequences, and includes Excel macros for anti- 
body analysis and graphical representation. 

2. 1.7. WAM—Web Antibody Modeling (N. Whitelegg and A. R. Rees, 
2001; http://antibody.bath.ac.uk) 

Hosted by the Centre for Protein Analysis and Design at the University of 
Bath, United Kingdom. 
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Based on the AbM package (formerly marketed by Oxford Molecular) to 
construct 3D models of antibody Fv sequences using a combination of estab- 
lished theoretical methods, this site also includes the latest antibody structural 
information. It is free for academic use (see Chapter 4 for more details). 

2. 1.8. Mike's Immunoglobulin Structure/Function Page (M. Ft. Clark, 
2001 ; http://www.path.cam.ac.uk/~mrc7/mikeimages.html) 

These pages provide educational materials on immunoglobulin structure and 
function, and are illustrated by many color images, models, and animations. 
Additional information is available on antibody humanization and Mike 
Clark's Therapeutic Antibody Human Homology Project, which aims to corre- 
late clinical efficacy and anti-immunoglobulin responses with variable region 
sequences of therapeutic antibodies. 

2. 1.9. The Antibody Resource Page (The Antibody Resource Page, 
2000; http://www. antibody resource, com) 

This site describes itself as the "complete guide to antibody research and 
suppliers." Links to amino acid sequencing tools, nucleotide antibody sequenc- 
ing tools, and hybridoma/cell-culture databases are provided. It also includes 
information on commercial suppliers, which is particularly useful for searching 
multiple suppliers for antibodies to your antigen of interest. 

2. 1. 10. The Recombinant Antibody Pages (S. Dubel, 2000; 
http://www.mgen. uni-heidelberg. de/SD/SDscFvSite.html) 

This is a large collection of links and information on recombinant antibody 
technology and general immunology that provides links to companies that 
exploit antibody technology. 

2.1.11. Humanization bY Design (J. Saldanha, 2000; 
http://people. cryst. bbk. ac. uk/~ubcg07s) 

This resource provides an overview on antibody humanization technology 
(see Chapter 7). The most useful feature is a searchable database (by sequence 
and text) of more than 40 published humanized antibodies including informa- 
tion on design issues, framework choice, framework back-mutations, and bind- 
ing affinity of the humanized constructs. 

2.2. Primary Structure Analysis 

2.2. 1. ExPASy Molecular Biology Server (ExPASy, 2002; 
http://www. expasy org) 

This all-in-one portal provides links to many other protein sequence and 
structure analysis sites, and includes the following sections: Databases, Tools 
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and Software, Education, Documentation, and Links. Of these, the proteomic 
tools and databases are the most useful. 

2.3. Three-Dimensional Structure Analysis and Graphics 

2.3.1. O (A. Jones, 2002; http://xray.bmc.uu.se/~alwyn/o_related.html; 
note that the "official WWW server for O": the O Files, 
http://www.imsb.au. dk/~mok/o, is now officially outdated). 

Love it or, hate it, O is still the indispensable graphics tool for structure 
rebuilding and analysis among protein crystallographers. However, the learn- 
ing curve is very steep. 

2.3.2. Rasmol (Rasmol Home Page, 2000; 
http://www. umass. edu/microbio/rasmol/index2. htm) 

For ease of use, there is no replacement for Roger Sayle's free program. This 
is a simple molecular graphics viewer that has an easy-to-use graphical inter- 
face. A newer version known as the Protein Explorer is gradually taking over 
(Eric Martz, 2002; http://molvis.sdsc.edu/protexpl/frntdoor.htm). 

2.3.3. PyMOL (Delano Scientific, 2002; http://pymol.sourceforge.net) 

This is a relatively new development with the ambition to be the complete 
program to replace all other molecular graphics programs. It offers plenty of 
graphical features, such as an electron-density map and surface representations, 
includes an internal ray-tracer, and can produce publication-quality images. 

2.3.4. WebLab ViewerLite (MSI, now Accelrys, 1999; 
http://molsim. vei. co. uk/weblab) 

Another molecular graphics program with a graphical user interface, this 
resource offers good rendering output. Development of this program has come 
to a halt. ViewerLite is free, but the extended-version ViewerPro is commercial. 

2.3.5. DeepView (Swiss-Pdb Viewer) (N. Guex and T. Schwede, 2002; 
http://ca.expasy. org/spdbv) 

Swiss-Pdb Viewer is also a user-friendly graphics program that allows sev- 
eral proteins to be compared for structural alignments. It also offers many tools 
for structure analysis. Moreover, Swiss-Pdb Viewer is tightly linked to Swiss- 
Model, an automated homology modeling server {see Subheading 2.5.1.). 

2.3.6. GRASP (Graphical Representation and Analysis of Structural 
Properties) (A. Nicholls; http://trantor.bioc.columbia.edu/grasp) 

This is a highly original graphics program for the calculation and visualiza- 
tion of molecular properties. It is mostly used for analyzing electrostatic poten- 
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tials and surface complementarities. Although it has a graphical user interface, 
this program is not easy to use. Both academic and industrial users must buy a 
license. It is only available on the Silicon Graphics platform. 

2.3.7. Uppsala Software Factory (G. J. Kleywegt, 2002; 
http://xray. bmc. uu. se/~gerard/manuals) 

Gerard Kleywegt's huge collection of programs for structure analysis and 
structure data handling offers many utilities and macros that can enhance the 
power of the graphics program O (see Subheading 2.3.1.). 

2.4. Structural Analysis Databases 

2.4. 1. The Protein Data Bank (Research Collaboratory for Structural 
Bioinformatics, 2002; http://www.rcsb.org/pdb) 

This is the single worldwide repository for the processing and distribution of 
3D biological macromolecular structure data. 

2.4.2. SCOP (Structural Classification of Proteins) (The SCOP authors, 
2002; http://scop. mrc-lmb. cam. ac. uk/scop) 

Originally developed by A. Murzin, S. Brenner, T. Hubbard, and C. 
Chothia, the SCOP database (hosted by the Medical Research Council Centre, 
Cambridge, UK) provides a detailed and comprehensive description of the 
structural and evolutionary relationships between all proteins with a known 
structure. 

2.4.3. FSSP (Fold classification based on structure-structure alignment 
of proteins) (L Holm, 1 995; http://www.ebi.ac.uk/dali/fssp) 

Developed by L. Holm and C. Sander, the FSSP database is based on 
exhaustive all-against-all 3D structure comparison of protein structures in the 
Protein Data Bank. 

2.5. Homology Modeling and Docking 

2.5. 1. Swiss-Model (T Schwede , M. C Peitsch and N. Guex, 2002; 
http://www. expasy org/swissmod) 

This is a fully automated protein structure homology-modeling server, 
accessible via the ExPASy web server, or from the molecular graphics program 
Deep View (Swiss Pdb-Viewer; see Subheading 2.3.5.). 

2.5.2. Modeller (A. Sali group, 2002; 
http://www. salilab. org/modeller/modeller. html) 

Modeller is designed for homology or comparative modeling of protein 3D 
structures from a structure-based sequence alignment. This program, which has 
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proven to be very popular among protein chemists, is a Unix-based program 
that is free for academic use. 

2.5.3. CNS (Crystallography and NMR System) (Yale University, 2000; 
http://cns. csb.yale. edu) 

This is a very popular structure refinement package for structural scientists 
that includes many tools for structure analysis. For modeling purposes, it offers 
effective energy minimization protocols, including conventional energy mini- 
mization and simulated annealing. The commercial version, CNX, is marketed 
by Accelrys (http://www.accelrys.com/products/cnx). 

2.5.4. CCP4 (Collaborative Computational Project, Number 4) Suite 
(CCP4, 2002; http://www.ccp4.ac.uk) 

Another very popular suite of programs among X-ray crystallographers, this 
suite consists of state-of-the-art utility programs covering all stages of protein 
crystallography. Among these, Refmac5 is a refinement program that offers 
structure idealization after homology model building. 

2.5.5. XtalView (Scripps XtalView WWW Page, 2002; 
http://www.scripps.edu/pub/dem-web) 

XtalView is another highly regarded complete package for X-ray crystallog- 
raphy developed by D. McRee et al. at the Scripps Research Institute. It fea- 
tures a graphical user interface, and is relatively easy to use. It is very 
well-documented, and is accompanied by a textbook. Although it is free for 
academic use, commercial users must contact dem@scripps.edu. 

2.5.6. Dock (Kuntz group, 1997; 
http://dock. compbio. ucsf. edu) 

This program, developed at the University of California, San Francisco, 
evaluates the chemical and geometric complementarity between a ligand and a 
receptor-binding site, and searches for favorable interacting orientations. 

2.5.7. AutoDock (G. M. Morris, 2002; http://www.scripps.edu/pub/ 
olson- web/doc/a utodock/) 

AutoDock is a suite of automated docking tools developed at the Scripps 
Research Institute, La Jolla, CA, that enables users to predict how small ligands 
bind to a receptor of known structure. 

2.5.8. ICM-Dock (MolSoft, 2002; http://www.molsoft.com/products/ 
modules/dock. htm) 

ICM (Internal Coordinate Mechanics) uses an efficient and general global 
optimization method for structure design, simulation, and analysis. Within the 
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ICM-Main bundle, there is a module ICM-Dock that claims success in predict- 
ing protein-protein interactions and protein-ligand docking. Note: this is a 
commercial product. 

2.6. Miscellaneous 

2.6.1. Delphion (Delphion, Inc.; 2002; http://www.delphion.com) 

This is an excellent gateway to information on granted U.S. and worldwide 
patents and patent applications. It requires mandatory registration and payment 
for selected services. 



The Kabat Database and a Bioinformatics Example 

George Johnson and Tai Te Wu 

1. Introduction 

In 1969, Elvin A. Kabat of Columbia University College of Physicians and 
Surgeons and Tai Te Wu of Cornell University Medical College began to col- 
lect and align amino acid sequences of human and mouse Bence Jones proteins 
and immunoglobulin (Ig) light chains. This was the beginning of the Kabat 
Database. They used a simple mathematical formula to calculate the various 
amino acid substitutions at each position and predict the precise locations of 
segments of the light-chain variable region that would form the antibody-com- 
bining site from a variability plot (7). The Kabat Database is one of the oldest 
biological sequence databases, and for many years was the only sequence data- 
base with alignment information. 

The Kabat Database was available in book form free to the scientific com- 
munity starting in 1976 (2), with an updated second edition released in 1979 
(3), third edition in 1983 (4), fourth edition in 1987 (5), and fifth printed edi- 
tion in 1991 (6). Because of the inclusion of amino acid as well as nucleotide 
sequences of antibodies, T-cell receptors for antigens (TCR), major histocom- 
patibility complex (MHC) class I and II molecules, and other related proteins 
of immunological interest, it became impossible to provide printed versions 
after 1991. In that same year, George Johnson of Northwestern University cre- 
ated a website to electronically distribute the database located temporarily at: 

http://kabatdatabase.com 

During the following decade, the Kabat Database had grown more than five 
times. Thanks to the generous financial support from the National Institutes of 
Health, access to this website had been free for both academic and commercial use. 

With the completion of the human genome project as well as several other 
genome projects, scientific emphasis has gradually shifted from determining 
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more sequences to analyzing the information content of the existing sequence 
data. With regard to the Kabat Database, the collection and alignment of amino 
acid and nucleotide sequences of proteins of immunological interest has been 
progressing side-by-side with the ability to determine structure and function 
information from these sequences, from its very start. 

1. 1. Historical Analysis and Use 

After the pioneering work of Hilschmann and Craig (7) on the sequencing of 
three human Bence Jones proteins, many research groups joined the effort of 
determining Ig light chain amino acid sequences. By 1970, there were 77 pub- 
lished complete or partial Ig light chain sequences: 24 human K-I, 4 human Ki- 
ll, 17 human k-III, 10 human 'K-I, 2 human A,-II, 6 human A,-III, 5 human A,-IV, 
2 human K-Y, 2 mouse K-I, and 5 mouse k-II proteins (1). The invariant Cys 
residues were aligned at positions 23 and 88, the invariant Trp residue posi- 
tioned at 35, and the two invariant Gly residues at positions 99 and 101. To 
align the variable region of kappa and lambda light chains, single-residue gaps 
were placed at positions 10 and 106 A. Longer gaps were introduced between 
positions 27 and 28 (27A, 27B, 27C, 27D, 27E, and 27F) and between 97 and 
98 (97A and 97B), which was later changed to between 95 and 96 (95A, 95B, 
95C, 95D, 95E and 95F). A similar alignment technique with a different num- 
bering system was introduced for the Ig heavy-chain variable regions (8). The 
invariant Cys residues were located at positions 22 and 92, the Trp residue at 
position 36, and the two invariant Gly residues at positions 104 and 106. 

The most important discovery to come from alignment of the Ig heavy- and 
light-chain sequences was the location of segments forming the antibody-com- 
bining site, known as the complementarity (initially called hypervariable)- 
determining regions (CDRs). Since different antibodies bind different antigens, 
numerous amino acid substitutions occur in these segments, leading to large, 
calculated variability values. The first variability plot of the 77 complete and 
partial amino acid sequences of human and mouse light chains showed three 
distinct peaks of variability, located between positions 24 to 34, 50 to 56, and 
89 to 97 (1). Three similar peaks were discovered in heavy chains at positions 
31 to 35, 50 to 65, and 95 to 102. These six short segments were hypothesized 
to form the antigen-binding site and were designated as CDRL1, CDRL2, 
CDRL3 for light chains, and CDRH1, CDRH2, and CDRH3 for heavy chains, 
respectively. 

Initial Ig three-dimensional (3D) X-ray diffraction experiments suggested 
that the six binding-site segments were indeed physically located on one side of 
the Ig macromolecule. Final verification of this theoretical prediction came 
after the development of hybridoma technology (9). An anti-lysozyme mono- 
clonal antibody F a b fragment was co-crystallized with lysozyme (10), and the 



The Kabat Database 13 

combined 3D structure was determined by X-ray diffraction analysis. Several 
amino acid residues in each of the six CDRs of the antibody were found to be 
in direct contact with the antigen. As theoretically predicted, antibody speci- 
ficity thus resided exclusively in the CDRs. During the past decade, designer 
antibodies have been constructed genetically by selecting these CDRs for their 
affinity for the target antigen. 

By comparing the amino acid sequences of the CDRs as well the stretches of 
sequence that connect them, known as framework regions (FR), Kabat and Wu 
hypothesized that the Ig variable regions were assembled from short genetic 
segments (11,12). This hypothesis was verified experimentally by Bernard et 
al. (13) with the discovery of the J-minigenes, reminiscent of the switch pep- 
tide proposed by Milstein (14). The D-minigenes were soon identified as 
another component of the heavy-chain variable region (15,16). In addition, the 
idea of gene conversion (17) was proposed as a possible mechanism of anti- 
body diversification, and appears to play a central role in chickens (18), and to 
a varying extent in humans, rabbits, and sheep. 

For precisely aligned amino acid sequences of Ig heavy-chain variable 
regions, CDRH3 is defined as the segment from position 95 to position 102, 
with possible insertions between positions 100 and 101. The CDRH3 -binding 
loop is the result of the joining of the V-genes, D-minigenes, and J-minigenes. 
This intriguing process has been studied extensively (19,20), and suggests the 
CDRH3 plays a unique role in conferring fine specificity to antibodies (21,22). 
Indeed, a particular amino acid sequence of CDRH3 is almost always associ- 
ated with one unique antibody specificity. The CDRH3 sequences within the 
Kabat Database have further been analyzed by their length distributions (23), 
for which the length distributions of 2,500 complete and distinct CDRH3s of 
human, mouse, and other species were found to be more-or-less in agreement 
with the Poisson distribution. Interestingly, the longest mouse CDRH3 had a 
length of 19 amino acid residues, and that of human had 32 residues, and only 
one of them was shared by both species (24), suggesting that CDRH3 may be 
species-specific. 

Because of the subtle differences between the variable regions of the Ig light 
and heavy chains, their alignment position numberings are independent. For 
example, in light chains, the first invariant Cys is located at position 23 and 
CDRL1 is from position 24 to 34 — e.g., immediately after the Cys residue. 
However, in heavy chains, the invariant Cys is located at position 22 and 
CDRH1 is from position 31 to 35 — e.g., eight amino residues after that Cys. 
Because of this important difference, the Kabat numbering systems are sepa- 
rate for Ig light and heavy chains. Attempts to combine these two numbering 
systems into one in other databases have resulted in the presence of many gaps 
and confusions. Similarly, variable regions of TCR alpha, beta, gamma, and 
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Table 1 

FRs and CDRs of Antibody and TCR Variable Regions 



FR or CDR 


V L 


V H 


v K 


V P 


V Y 


v 8 


FR1 


1-23 


1-22 


1-22 


1-23 


1-21 


1-22 


CDR1 


24-34 


31-35B 


23-33 


24-33 


22-34 


23-34A 


FR2 


35-49 


36-49 


34-47 


34-49 


35-49 


35-49 


CDR2 


50-56 


50-65 


48-56 


50-56 


50-59 


50-57 


FR3 


57-88 


66-91 


57-92 


57-94 


60-95 


58-89 


CDR3 


89-97 


95-102 


93-105 


95-107 


96-107 


90-105 


FR4 


98-107 


103-113 


106-116 


108-1 16A 


108-1 16C 


106-116 



delta chains are aligned using different numbering systems. The alignments are 
summarized in Table 1, with the locations of CDRs indicated. 

1.2. Current Analysis and Use 

There are approx 25,000 unique yearly logins to the website of the Kabat 
Database by immunologists and other researchers around the world. The web- 
site is designed to be simple to use by those who are familiar with computers 
and those who are not. A description of the tools currently available is shown in 
Table 2. We encourage researchers who use the database to share their sugges- 
tions for improving the access and searching tools. 

A common but extremely important question asked by researchers is 
whether a new sequence of protein of immunological interest has been deter- 
mined before and stored in the database. Without asking this simple question, 
one may encounter the following situation: a heavy-chain V-gene from goldfish 
was sequenced (25) and found to be nearly identical to some of the human V- 
genes. Subsequently, the authors suggested that it might be of human origin, 
possibly because of the extremely sensitive amplification method used in the 
study and minute contamination of the sample by human tissue. 

Another common use of the database is to confirm the reading frame of an 
immunologically related nucleotide sequence. Comparing short segments of 
sequence with stored database sequences can easily identify inadvertent omis- 
sion of a nucleotide in the sequencing gel. Of course, if the missing nucleotide is 
real, this can suggest the presence of a pseudogene. Researchers also use the 
website to calculate variability for groupings of similar sequences of interest. For 
example, the variability plots of the variable regions of the Ig heavy and light 
chains of human anti-DNA antibodies are shown in Figs. 1 and 2. These two 
plots seem to indicate that CDRH3 may contribute most to the binding of DNA. 

In many instances, investigators would like to identify the germline gene 
that is closest to their gene of interest, as well as the classification of that par- 
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Table 2 

Listing of Tools Available on the Kabat Database Website 



Tool 



Description 



Seqhunt II 



Align-A-Sequence 



Subgrouping 



Find Your Families 



Current Counts 
Variability 



The Seqhuntll tool is a collection of searching programs for 
retrieving sequence entries and performing pattern matches, 
with allowable mismatches, on the nucleotide and amino 
acid sequence data. The majority of fields in the database are 
searchable — for example, a sequence's journal citation. 
Matching entries may be viewed as HTML files or down- 
loaded and printed. Pattern matching results show the match- 
ing database sequence aligned with the target pattern, with 
differences highlighted. 

The Align- A-Sequence tool attempts to programmatically align 
different types of user-entered sequences. Currently kappa 
and lambda Ig light-chain variable regions may be aligned 
using the program. 

The Subgrouping tool takes a user-entered sequence of either 
Ig heavy, kappa, or lambda light-chain variable region and 
attempts to assign it a subgroup designation based on those 
described in the 1991 edition of the database. In many cases 
the assignment is ambiguous because of a sequence's simi- 
larity to more than one subgroup. 

The Find Your Family tool attempts to assign a "family" 

designation to a user-entered sequence. The user-entered tar- 
get sequence is compared to previously assembled groupings 
of sequences, based on sequence homology. Please note that 
the assigned family number is arbitrary, since the groupings 
usually change as new data is added to the database. 

Current amino acid, nucleotide, and entry counts may be made 
for various groupings of sequences. 

Variability calculations may be made over a user-specified 
collection of sequences. The distributions used to calculate 
the variability are also available for viewing and printing. 
Variability plots can be customized for scale, axis labels, and 
title, or downloaded for printing. 



ticular gene to a specific family or subgroup. SEQHUNT (26) can pinpoint the 
sequence available in the database with the least number of amino acid or 
nucleotide differences. 

The previous examples represent most of the current uses of the Kabat Data- 
base by immunologists and other scientists. However, many more detailed 
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Fig. 1 . Variability plot for human anti-DNA heavy-chain variable region. 



analyses are possible from the data stored in the Kabat Database, as shown in 
Table 3. 

In the following section, a current bioinformatics example is illustrated, 
using the uniquely aligned data contained in the Kabat Database. 

2. Kabat Database Bioinformatics Example: HIV gp120 V3-loop 
and Human CDRH3 Amino Acid Sequences 

The human immunodeficiency virus (HIV) has intrigued the scientific com- 
munity for several decades. It is a retrovirus with two copies of RNA as its 
genetic material. Upon infecting humans, HIV uses its reverse-transcriptase 
molecules to convert its RNA into DNA, which are in turn transported into the 
nucleus and incorporated into the host chromosomes of CD4+ T cells. 
Although the infected individual produces antibodies against the initial viral 
strain, not all viruses can be eliminated because of the integration of its genetic 
material into the host cells. Gradually, the viral-coat proteins change in 
sequence, rendering the host's antibodies less effective. Eventually, acquired 
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Fig. 2. Variability plot for human anti-DNA kappa light-chain variable region. 



immunodeficiency syndrome (AIDS) develops with a latent period of approx 
10 ± 3 yr. Because of this, HIV is classified as a lentivirus or slow virus. 

Several specific drugs have been synthesized during recent years to treat 
HIV infection and AIDS. They include reverse-transcriptase inhibitors, pro- 
tease inhibitors, and fusion inhibitors. However, these drugs have serious side 
effects, and most are very expensive, making the cost of treatment prohibitive 
in countries with a large percentage of HIV-positive patients. For years, the 
ideal solution has been to develop an inexpensive vaccine. Unfortunately, 
because of the rapid changes of its envelope coat proteins, especially gpl20, 
HIV strains cannot be singled out as candidates for vaccine. Many research lab- 
oratories around the world have undertaken the task of sequencing gpl20, and 
these sequences have been stored on two websites: 

http://ncbi.nlm.nih.gov and http://www.lanl.gov 

Figure 3 shows a variability plot for the 302 nearly complete sequences of 
HIV-1 stored at the latter site. For comparison, a variability plot of 138 
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Table 3 

Partial Listing of Bioinformatics Studies Performed Using 

the Kabat Database 



Subject 



Summary 



Binding Site Prediction 
Antibody Humanization 
Gene Count Estimation 



MHC Class I gene 

assortment 
TCR CDR3 length 

distribution 



Antibody and TCR 
evolution 

Designer Antibodies 



Autoimmunity 



The CDRs of Ig heavy and light chains were predicted from 
variability calculations made over the sequence align- 
ments (1,8). 

It is possible to identify the most similar framework regions 
between the mouse antibody and all existing human anti- 
bodies stored in the database (30). 

From the existing sequences, it is possible to estimate the 
total number of human and mouse V-genes for antibody 
light and heavy chains, as well as TCR alpha and beta 
chains (31,32). 

The known sequences of human MHC class I sequences 
suggest that their al and a2 regions can be assorted (33). 

The lengths of CDR3s in antibodies and TCRs have distinct 
features (34,35). In the case of TCR alpha and beta 
chains, their CDR3 lengths follow a narrow and random 
distribution. That may be a result of the relatively fixed 
size and shape of the processed peptide in the groove of 
MHC class I or II molecules. On the other hand, 
although the TCR gamma chain CDR3 lengths are simi- 
larly distributed, those of TCR delta chains exhibit a 
bimodal distribution (35). TCR delta chains with shorter 
CDR3s may be MHC-restricted, although those with 
longer CDR3s MHC-unrestricted. 

Possible mechanisms of antibody and TCR evolution can 
also be investigated by comparing aligned sequences 
from different species (36,37). 

More specific/potent antibodies may be designed using the 
preferred CDR lengths calculated from database 
sequences against the same antigen (34). 

Similarities between non-self antigens such as influenza 
virus and Ig autoantibodies have been found. Certain 
antigens may help initially trigger autoimmunity, and 
certain antibody clones may help to stimulate the 
autoimmune response (36). 



aligned human influenza virus A hemagglutinin amino acid sequences is 
shown in Fig. 4. 

Based on various studies, the V3-loop has been singled out for vaccine 
development. Although the V3-loop has the least amount of variation among 



The Kabat Database 



19 



H 



< 
H 
OS 




I 



i \ M 



i 1 i|i , 

!.i? '' li A ViIj,,, 1 ,, I 1 i 



i^^ 






100 200 300 400 500 600 

POSITION 
Fig. 3. Variability plot for HIV-1 gpl20. 
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Fig. 4. Variability plot for influenza virus A hemagglutinin. 



the five V-loops, there are still many different sequences from various strains of 
HIV. How these different sequences are related to the pathogenesis and pro- 
gression of HIV infection is unclear. Longitudinal analysis of sequences of the 
V3-loop as the disease progresses is of vital importance in understanding the 
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changes that occur during infection, so that an effective vaccine can be devel- 
oped. Unfortunately, there is only one published report for a 10-yr sequence 
analysis, and in that case, the authors were unable to describe how the V3-loop 
amino acid sequences are related to disease progression (27). 

When HIV infects a person, its gpl20 is a foreign protein and the patient 
produces antibodies toward this foreign antigen. However, once the HIV gene 
is integrated into the host chromosome, as in various human endogenous retro- 
viruses, the gpl20 becomes a self-protein. This transition from foreign to self 
usually cannot occur instantaneously, but as it occurs the host will have 
increasing difficulty producing effective antibodies. Indeed, initial antibodies 
from patients who are infected with HIV are usually ineffective in binding HIV 
at later stages of the disease. 

The V3-loop has been described as being located on the surface of gpl20. 
One way for the gpl20 to become less antigenic would be for the virus to 
replace portions of the exposed V3-loop with segments of the host chromo- 
some. Although any human protein could serve this purpose, we investigate the 
possibility that human CDRH3 regions are being used. CDRH3 is particularly 
attractive, because they can assume many possible configurations and they are 
on the surface of normal human proteins. 

To locate matches between the V3-loop and CDRH3, the Kabat Database is 
uniquely useful. BLAST (http://www.ncbi.nlm.nih.gov) has recently allowed 
matches of short amino acid sequences, and eMOTIF (http://emotif. Stanford, 
edu/emotif/) can be used to search for various length sequences. However, both 
programs use sequence databases containing large numbers of HIV-1 sequences 
and relatively few antibody heavy-chain variable region sequences. A search for 
short V3-loop sequences at these two websites usually results in a listing of other 
V3-loop sequences, and few, if any, CDRH3 sequences. By using the 
SEQHUNTII program, we picked the human heavy-chain variable regions and 
searched for all penta-peptides in the sequences of V3 -loops determined in the 
10-yr longitudinal study. The result of matching is listed in Table 4. 

The initial number of matches is gradually reduced over the years, until the 
CD4+ T-cell count drops below 200. At that time, the number of matches 
increases dramatically. The match number appears to closely correlate with the 
number of HIV RNA molecules in the patient's blood. For example, after treat- 
ment, the number of matches drops to zero, along with a reduction in the 
plasma HIV RNA number. Subsequently, after 10 yr of HIV infection, the 
number of matches begins to creep up again. 

A possible explanation for this finding is that the presence of CDRH3 penta- 
peptides in the V3-loop reduces its antigenicity. Such mutant HIV would bind 
existing anti-HIV antibodies in the patient less effectively, becoming more 
pathogenic. Based on this observation, the use of amino acid or nucleotide 
sequences of V3 -loop as a vaccine would not be very efficient. 
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Table 4 

Longitudinal Study of HIV gp120 V3-Loop Sequence Variations 





Months 


Sequence 


Matches 




HIV RNA 




after 


of V3-loop 


in human 


CDR4+ 


per mL of 


Sample 


Infection 


determined 


CDRH3 


T-cells 


plasma 


Al 





10 


6 




230 


A2 


12 


10 


3 




230 


A2b 


27 


7 





427 


2,300 


A3 


42 


5 





277 


230 


A4 


70 


3 





186 


230 


A5 


94 


12 


21 


156 


23,000 


treatment 


97 










A6 


110 


12 





248 


2,300 


A7 


118 


12 


1 


212 


2,300 



An effective vaccine would most likely be made from an area of the exposed 
surface that does not contain high variability, as indicated in Fig. 3. There are 
several segments of seven or more nearly invariant amino acid residues in HIV 
gpl20, in contrast to influenza virus hemagglutinin. Nearly invariant residues 
are defined as those that occur more than about 95% of the time at a particular 
position (1). They are located at the following positions (numbering including 
the precursor region) in the CI, C2, or C5 region of gpl20: 



Segment # 



Position # 



Sequence 



I 

II 

III 

IV 

V 

VI 

VII 



4 to 14 
23 to 30 
44 to 50 
225 to 231 
261 to 267 
269 to 282 
538 to 545 



WVTVYYGVPVW 

LFCASDA 

ACVPTDP 

PIPIHYC 

VQCTHGL 

PVVSTQLLL-NGSL 

ELYKYKVV 



Some of the adjacent residues occur more than 90% of the time. Further- 
more, segments II and III and segments VI and V form disulfide bonds. Seg- 
ment VI is only one residue away from segment V, and that residue is either K 
or R most of the time. Segment I is near the N-terminal and segment VII near 
the C-terminal, and they are physically located near each other in the folded 
structure of gpl20 (28). If these segments are indeed located on the surface of 
gpl20, we may then suggest that segment I linked to segment VII — with link- 
ers consisting of repeats of GGGGS, segment II disulfide bounded to segment 
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III, and segment IV S-S bounded to segment V joined to segment VI with an 
intervening residue of K or R — should be used as possible peptide vaccine can- 
didates. Additional residues that occur more than 90% of the time may also be 
included in these segments, suggesting the following three possible peptides: 

WVTVYYGVPVWGGGSGGGSDNWRSELYKYKVV, 

LFCASDAK 

I 
WATHACVPTDP, and 

PIPIHYC 

I 
VQCTHGIKPWSTQLLLNQSL . 

In contrast, for influenza virus hemagglutinin amino acid sequences, no such 
segments of seven or more residues are found. 

3. Future Directions 

As previously discussed, during the past few years a substantial decline in 
the number of published sequences of proteins of immunological interest has 
occurred. With the shift in focus from brute-force data collection to in-depth 
analysis and "data mining" by various researchers, well-characterized data sets 
have become extremely important. Each entry in the database inherently con- 
tains a large amount of bioinformatic analysis such as alignment information, 
the relationship between gene sequence and protein sequence, and coding 
region designation. These relationships prove most valuable in allowing 
researchers to ask more intuitive, abstract questions than would be possible 
with most unaligned, raw sequence databases. We continue to locate, annotate, 
and align sequences found in the published literature. Periodically, the database 
and website are updated to reflect inclusion of the new data. Corrections of 
errors found in the sequence data by us and by database users are constantly 
made, ensuring the collection's accuracy. We continue to explore new ways of 
relating the database entries, such as incorporating links to journal abstracts, 
links to 3D structural information, and germline gene assignment. 

We continue to create and develop software programs for performing various 
analyses of the data. We are in the process of converting many tools we have 
used into Java and adding graphical interfaces. Two major groupings of tools are 
currently being created: the first to update and extend the current entry retrieval 
tools (such as Seqhuntll), and the second to perform distribution analyses on 
entire groups of sequences (such as variability). Java tools for locating sequences 
based on pattern matching, length distribution of a specified region, positional 
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examination of a codon or residue, and sequence length have been developed 
and are undergoing testing. Many of the studies we have performed on the data- 
base require tools for grouping and analyzing collections of sequences rather 
than each one individually. We are developing a Java interface for creating distri- 
butions based on position (used most frequently for calculating variability), 
region length (used in length distribution analyses), and sequence pattern (used 
in gene count estimations and various homology studies). Together, these power- 
ful interfaces will allow researchers to quickly perform many complex bioinfor- 
matics studies on the aligned sequence data and combine their results. 

4. Conclusion 

The fundamental reason for creating and maintaining most sequence data- 
bases is to study and correlate a protein's primary sequence structure with its 3D 
structure. Although there are many proteins with known 3D structures, there are 
probably two orders of magnitude more proteins with known amino acid or 
nucleotide sequences. In the 1950s, Anfmsen proposed and summarized in his 
1973 paper (29) that the primary sequence of a protein should determine its 3D 
folding. Unfortunately, we still do not know how to decipher this information. 

In the long run, the Kabat Database must be self-sustained. However, the 
transition from a free NIH-supported database to a self-sustaining format will 
take time and continued investigator interest. For example, it is hoped that the 
rapid development of therapeutic antibody techniques, using chimeric or 
humanized approaches, will eventually lead to the de novo synthesis of 
designer antibodies. Thus, immunotherapy for cancers and viral infections may 
rely heavily on the Kabat Database collections. 

We will also rely on users to suggest to us what basic immunological ideas, 
what computer programs, and which types kinds of structure and function 
information will be of importance for future studies in this central problem in 
biomedicine. This feedback from users is of primary importance to the exis- 
tence of the Kabat Database. 
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IMGT, The International ImMunoGeneTics 
Information System®, http://imgt.cines.fr 

Marie-Paule Lefranc 

1. Introduction 

The molecular synthesis and genetics of the immunoglobulin (IG) and T- 
cell-receptor (TR) chains are particularly complex and unique, as they include 
biological mechanisms such as DNA molecular rearrangements in multiple 
loci (three for IG and four for TR in human) located on different chromosomes 
(four in human), nucleotide deletions and insertions at the rearrangement junc- 
tions (or N-diversity), and somatic hypermutations in the IG loci (for review, 
see refs. 1,2). The number of potential protein forms of IG and TR is almost 
unlimited. Because of the complexity and large number of published 
sequences, data control and classification and detailed annotations are a very 
difficult task for the general databanks such as EMBL, GenBank, and DDBJ 
(3-5). These observations were the starting point of IMGT, the International 
ImMunoGeneTics Information System® (http://imgt.cines.fr) (6), created in 
1989 by the Laboratoire d'lmmunoGenetique Moleculaire (LIGM), at the Uni- 
versite Montpellier II, CNRS, Montpellier, France. 

IMGT is a high-quality knowledge resource and integrated information sys- 
tem that specializes in IG, TR, major histocompatibility complex (MHC), and 
related proteins of the immune system (RPI) of humans and other vertebrates. 
IMGT provides a common access to standardized data that include nucleotide 
and protein sequences, oligonucleotide primers, gene maps, genetic polymor- 
phisms, specificities, and two-dimensional (2D) and three-dimensional (3D) 
structures. IMGT includes three sequence databases (IMGT/L1GM-DB, 
IMGT/MHC-DB, IMGT/PRIMER-DB), one genome database (IMGT/GENE- 
DB), one 3D structure database (IMGT /iD structure -DB), Web resources 
("IMGT Marie-Paule page"), and interactive tools (IMGT/V-QUEST, 
IMGT/JunctionAnalysis, IMGT/Allele-Align, IMGT/PhyloGene, IMGT/Gene- 
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Search, IMGT/GeneView, IMGT/LocusView, IMG1 "/Structural Query). IMGT 
expertly annotated data and IMGT tools are particularly useful in medical 
research (repertoire in leukemias, lymphomas, myelomas, translocations, 
autoimmune diseases, and acquired immunodeficiency syndrome [AIDS]), ther- 
apeutic approaches, and biotechnology related to antibody engineering. IMGT is 
freely available at http://imgt.cines.fr. 

2. IMGT Databases 

The IMGT databases comprise: 

1. Three sequence databases: i) IMGT/LIGM-DB is a comprehensive database of IG 
and TR nucleotide sequences from human and other vertebrate species, with trans- 
lation for fully annotated sequences, created in 1989 by LIGM, Montpellier, 
France, on the Web since July 1995 (6-10). In July 2003, IMGT/LIGM-DB con- 
tained 74,387 nucleotide sequences of IG and TR from 105 species, ii) 
IMGT/MHC-DB is hosted at the European Bioinformatics Institute (EBI) and com- 
prises a database of the human MHC allele sequences (IMGT/MHC-HLA, devel- 
oped by Cancer Research, UK and Anthony Nolan Research Institute, London, 
UK), on the Web since December 1998 (//), databases of MHC class II sequences 
from nonhuman primates (IMGT/MHC-NHP, curated by BPRC, the Netherlands), 
and from felines and canines (IMGT/MHC-FLA and IMGT/MHC-DLA, on the Web 
since April 2002. iii) IMGT/PRIMER-DB is an oligonucleotide primer database for 
IG and TR, developed by LIGM, Montpellier in collaboration with EUROGEN- 
TEC, Belgium. 

2. One genome database: IMGT-GENE-DB allows a query per gene name. 

3. One three-dimensional (3D) structure database: IMGT/3Dstructure-DB provides 
the IMGT gene and allele identification and Colliers de Perles of IG and TR with 
known 3D structures, created by LIGM, on the Web since November 2001 (12). In 
July 2003, IMGT/3Dstructure-DB contained 623 atomic coordinate files. 

In the following sections, we describe in more detail IMGT/LIGM-DB, 
which is the first and largest IMGT database. 

2.1. IMGT/LIGM-DB Data 

IMGT/LIGM-DB sequence data are identified by the EMBL/GenBank/DDBJ 
accession number. The unique source of data for IMGT/LIGM-DB is EMBL, 
which shares data with the other two generalized databases GenBank and DDBJ. 
Once the sequences are allowed by the authors to be made public, LIGM auto- 
matically receives IG and TR sequences by e-mail from EBI. After control by 
LIGM curators, data are scanned to store sequences, bibliographical references, 
and taxonomic data, and standardized IMGT/LIGM-DB keywords are assigned to 
all entries. Based on expert analysis, specific detailed annotations are added to 
IMGT flat files in a second step (7). 
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Since August 1996, the IMGT/LIGM-DB content closely follows the EMBL 
one for the IG and TR, with the following advantages: IMGT/LIGM-DB does not 
contain sequences that have previously been wrongly assigned to IG and TR; 
conversely, IMGT/LIGM-DB contains IG and TR entries that have disappeared 
from the generalized databases [as examples: the L36092 accession number that 
encompasses the complete human TRB locus is still present in IMGT/LIGM-DB, 
whereas it has been deleted from EMBL/GenBank/DDBJ because of its too large 
size (684,973 bp); in 1999, IMGT/LIGM-DB detected the disappearance of 20 
IG and TR sequences that had inadvertently been lost by GenBank, and allowed 
the recuperation of these sequences in the generalist databases]. 

2.2. IMGT/LIGM-DB Interface and Data Distribution 

The IMGT/LIGM-DB Web interface allows searches according to immuno- 
genetic-specific criteria, and is easy to use without any knowledge of a computing 
language. The interface allows the users to easily connect from any type of plat- 
form (PC, Macintosh, workstation) using freeware such as Netscape. All 
IMGT/LIGM-DB information is available through five search modules (Fig. 1): 

1. Catalogue (accession number, mnemonic, EMBL first reception date, sequence 
length, definition, IMGT/LIGM-DB annotation level; 

2. Taxonomy and characteristics (species and classification level, nucleic acid type, 
"loci, genes or chains," functionality, structure, specificity, group, and subgroup); 

3. Keywords (standardized keywords, selection of IMGT reference sequences — for 
human and mouse IG and TR); 

4. Annotation labels; 

5. References (authors, publication type, journal, year, title, MEDLINE reference number). 

Selection is displayed at the top of the resulting sequences pages, so you can 
check your own queries (9) (Fig. 2). You have the possibility to modify your 
request or to consult the results: you can decrease or increase the number of 
resulting sequences by adding new conditions, view details concerning the 
selected sequences, or search for sequence fragments (subsequences) that cor- 
respond to a particular label (9) (Fig. 2). When selecting the "View" options, 
you can choose among nine possibilities (Fig. 3): annotations, IMGT flat file, 
coding regions with protein translation, catalogue and external references, 
sequence in dump format, sequence in FASTA format, sequence with three 
reading frames, EMBL flat file, and IMGT/V- QUEST. 

IMGT/LIGM-DB data are also distributed by anonymous FTP servers at 
CINES (ftp://ftp.cines.fr/IMGT/) and at EBI (ftp://ftp.ebi.ac.uk/pub/data- 
bases/imgt/), and from many SRS (Sequence Retrieval System) sites. 
IMGT/LIGM-DB can be searched by BLAST or FASTA on different servers 
(e.g., EBI, IGH, INFOBIOGEN, or Institut Pasteur). 
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Fig. 1. IMGT/LIGM-DB search page (http://imgt.cines.fr). Five modules of search 
are available. Catalogue, Taxonomy and Characteristics, Keywords, Annotation labels, 
and References. These modules allow extensive and complex queries on immunoglob- 
ulin and T-cell-receptor sequences from human and other vertebrates. In July 2003, 
IMGT/LIGM-DB contained 74,837 sequences of IG and TR from 105 species. A short 
path selection allows a direct query with an accession number or a part of it. For exam- 
ple, "AF306350" will retrieve that sequence, whereas "AF306" will retrieve all 
sequences beginning with AF306. 



3. IMGTWeb Resources 

IMGT Web resources ("IMGT Marie-Paule page") (6) comprise the follow- 
ing sections: "IMGT Scientific chart," "IMGT Repertoire," "IMGT Bloc-notes," 
"IMGT Education," "IMGT Aide-memoire," and "IMGT Judex." 

3.1. IMGT Scientific Chart 

The IMGT Scientific chart provides the controlled vocabulary and the anno- 
tation rules and concepts defined by IMGT (13) for the identification, the 
description, the classification, and the numeration of the IG and TR data of 
human and other vertebrates. 
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Selection of one sequence in the list end view of details 



Subsequences 



Search for sequence fragments corresponding to a particular labeli (Only for 

fully annotated sequences:, no rasults for K annotation laval ) 



a 



Document: charge 






Fig. 2. Example of IMGT/LIGM-DB results of search (http://imgt.cines.fr). There are 
262 resulting sequences for the query "human," "RNA or cDNA sequence," "rearranged 
sequence," "IG," and "anti-thyroid peroxidase (TPO)" specificity. The user can modify 
the request ("Decrease," "Increase") or consult the results ("View," "Subsequences"). 



3. 1. 1. Concept of Identification: Standardized Keywords 

IMGT standardized keywords for IG and TR include the following: i) Gen- 
eral keywords: indispensable for the sequence assignments, they are described 
in an exhaustive and nonredundant list, and are organized in a tree structure; ii) 
Specific keywords: they are more specifically associated to particularities of 
the sequences (e.g., orphon or transgene) or to diseases (e.g., leukemia, lym- 
phoma, or myeloma) (7). The list is not definitive, and new specific keywords 
can easily be added if needed. IMGT/LIGM-DB standardized keywords have 
been assigned to all entries. 
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Fig. 3. Example of IMGT/LIGM-DB resulting screen for the "View" choice. The 
user clicks on a line corresponding to an accession number and can choose among nine 
possibilities (e.g., IMGT annotations, IMGT flat file, or coding regions with protein 
translation.) 



3. 1.2. Concept of Description: Standardized Sequence Annotation 

One hundred and seventy-seven feature labels are needed to describe all 
structural and functional subregions that compose IG and TR sequences (7), 
whereas only seven of them are available in EMBL, GenBank, or DDBJ. Anno- 
tation of sequences with these labels constitutes the main part of the expertise. 
Levels of annotation have been defined that allow the users to query sequences 
in IMGT/LIGM-DB, although they are not fully annotated (7). 

Prototypes represent the organizational relationship between labels and pro- 
vide information on the order and expected length (in number of nucleotides) 
of the labels (7,9). 
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3. 1.3. Concept of Classification: Standardized IG 
and TR Gene Nomenclature 

The objective is to provide immunologists and geneticists with a standardized 
nomenclature per locus and per species that will allow extraction and compari- 
son of data for the complex B- and T-cell antigen-receptor molecules. The con- 
cepts of classification have been used to set up a unique nomenclature of human 
IG and TR genes, which was approved by HGNC, the HUGO (Human Genome 
Organization) Nomenclature Committee in 1999 (6). The complete list of the 
human IG and TR gene names (1,2,14-20) has been entered by the IMGT 
Nomenclature Committee in GDB, Toronto, and LocusLink, NCBI, United 
States, and is available from the IMGT site (6). IMGT reference sequences have 
been defined for each allele of each gene based on one or, whenever possible, 
several of the following criteria: germline sequence, first sequence published, 
longest sequence, mapped sequence (9,21). They are listed in the germline gene 
tables of the IMGT repertoire (22-29). The protein displays show translated 
sequences of the alleles (*01) of the functional or ORF genes (1,2,30,31). 

3.1.4. Concept of Numerotation: the IMGT Unique Numbering 

A uniform numbering system for IG and TR sequences of all species has 
been established to facilitate sequence comparison and cross-referencing 
between experiments from different laboratories whatever the antigen receptor 
(IG or TR), the chain type, or the species (32,33,41). This numbering results 
from the analysis of more than 5,000 IG and TR variable region sequences of 
vertebrate species from fish to humans. It takes into consideration and com- 
bines the definition of the framework (FR) and complementarity-determining 
region (CDR) (34), structural data from X-ray diffraction studies (35), and the 
characterization of the hypervariable loops (36). In the IMGT numbering, con- 
served amino acids from frameworks always have the same number, regardless 
of the IG or TR variable sequence, and whatever the species they come from. 
As examples: Cysteine 23 (in FR1-IMGT), Tryptophan 41 (in FR2- IMGT), 
Leucine 89 and Cysteine 104 (in FR3-IMGT). Tables and graphs are available 
on the IMGT web site at http://imgt.cines.fr and in refs. 1,2. 

This IMGT unique numbering has several advantages: 

1 . It has allowed the redefinition of the limits of the FR and CDR of the IG and TR 
variable domains. The FR-IMGT and CDR-IMGT lengths themselves become cru- 
cial information that characterizes variable regions that belong to a group, a sub- 
group, and/or a gene. 

2. Framework amino acids (and codons) located at the same position in different 
sequences can be compared without requiring sequence alignments. This is also 
true for amino acids that belong to CDR-IMGT of the same length. 
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3. The unique numbering is used as the output of the IMGT/V-QUEST alignment tool. 
The aligned sequences are displayed according to the IMGT numbering and with 
the FR-IMGT and CDR-IMGT delimitations. 

4. The unique numbering has allowed a standardization of the description of muta- 
tions and the description of IG and TR allele polymorphisms (1,2). These muta- 
tions and allelic polymorphisms are described by comparison to the IMGT 
reference sequences of the alleles (*01) (8,9). 

5. The unique numbering allows the description and comparison of somatic hypermu- 
tations of the IG IMGT variable domains. 

By facilitating the comparison between sequences and allowing the descrip- 
tion of alleles and mutations, the IMGT unique numbering represents a major 
step forward in the analysis of the IG and TR sequences of all vertebrate 
species (41). Moreover, it provides insight into the structural configuration of 
the variable domain and opens interesting views on the evolution of these 
sequences, since this numbering has been successfully applied to all the 
sequences belonging to the V-set of the immunoglobulin superfamily, including 
non-rearranging sequences in vertebrates (e.g., human CD4 and Xenopus 
CTXgl) and in invertebrates (e.g., Drosophila amalgam and Drosophila fasci- 
clin II) (8,9,32,33,41). 

3.2. IMGT Repertoire 

IMGT Repertoire is the global Web Resource in immunogenetics for the IG, 
TR, MHC, and RPI of human and other vertebrates, based on the "IMGT Sci- 
entific chart." IMGT Repertoire provides an easy-to-use interface for carefully 
and expertly annotated data on the genome, proteome, polymorphism, and 
structural data of the IG, TR, MHC, and RPI (6). Only titles of this large sec- 
tion are quoted here. Genome data include chromosomal localizations, locus 
representations, locus description, germline gene tables, potential germline 
repertoires, lists of IG and TR genes, and links between IMGT, HUGO, GDB, 
LocusLink, and OM1M, correspondence between nomenclatures (1,2). Pro- 
teome and polymorphism data are represented by protein displays, alignments 
of alleles, tables of alleles, allotypes, particularities in protein designations, 
IMGT reference directory in FASTA format, correspondence between IG and 
TR chain and receptor IMGT designations (1,2). Structural data comprise 2D 
graphical representations designated as IMGT Colliers de Perles (1,2,6,8,9), 
FR-IMGT and CDR-IMGT lengths, and 3D representations of IG and TR vari- 
able domains (10,12). This visualization permits rapid correlation between pro- 
tein sequences and 3D data retrieved from the Protein Data Bank (PDB). Other 
data comprise: i) phages; ii) probes used for the analysis of IG and TR gene 
rearrangements and expression, and restriction fragment-length polymorphism 
(RFLP) studies; iii) data related to gene regulation and expression: promoters, 
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primers, cDNAs, and reagent monoclonal antibodies (MAbs); iv) genes and 
clinical entities: translocations and inversions, humanized antibodies, MAbs 
with clinical indications; v) taxonomy of vertebrate species present in 
1MGT/LIGM-DB; vi) immunoglobulin superfamily: gene exon-intron organi- 
zation, protein displays, Colliers de Perles, and 3D representations of V-LIKE 
and C-LIKE domains. 

3.3. IMGT Bloc-Notes 

The IMGT Bloc-notes provide numerous hyperlinks for the Web servers that 
specialize in immunology, genetics, molecular biology, and bioinformatics 
(e.g., associations, collections, companies, databases, immunology themes, 
journals, molecular biology servers, resources, societies, and tools) (37). 

3.4. IMGT Education 

IMGT Education is a section that provides useful biological resources for 
students. It includes figures and tutorials (in English and/or in French) on the 
IG and TR variable and constant domain 3D structures, the molecular genetics 
of immunoglobulins, the regulation of IG gene transcription, B-cell differentia- 
tion and activation, and translocations. 

3.5. IMGT Aide-memoire and IMGT Index 

IMGT Aide-memoire provides easy access to information such as genetic 
code, splicing sites, amino acid structures, and restriction enzyme sites. 

IMGT Index is a fast way to access data when information must be retrieved 
from different parts of the IMGT site. For example, "allele" provides links to 
the IMGT Scientific chart rules for the allele description, and to the IMGT 
Repertoire Alignments of alleles and Tables of alleles (http://imgt.cines.fr). 

4. IMGT Interactive Tools 

4.1. IMGT/V-QUEST Tool 

4.1.1. Overview 

IMGT/V-QUEST (V-QUEry and Standardization) (http://imgt.cines.fr) is 
an integrated software for IG and TR (6). This tool is easy to use and analyzes 
an input IG or TR germline or rearranged variable nucleotide sequence (Fig. 
4). IMGT/V-QUEST results comprise the identification of the V, D, and J 
genes and alleles and the nucleotide alignment by comparison with sequences 
from the IMGT reference directory (Fig. 5), the delimitations of the FR- 
IMGT and CDR-IMGT based on the IMGT unique numbering, the protein 
translation of the input sequence, the identification of the JUNCTION and the 
2D Collier de Perles representation of the V-REGION. Note that IMGT/V- 
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i 



C Or give the path access to a local file containing your sequence : 

Parcourir„. 






Fig. 4. IMGTN-QUEST analysis for human immunoglobulin sequences (http://imgt. 
cines.fr). The user can type (or copy/paste) a sequence or give the path access to a local 
file. 



QUEST does not work, or will give aberrant results, for pseudogenes with 
DNA insertions or deletions, partial sequences that are too short, sequences 
containing a cluster of V-GENEs, or sequences with 5'-untranslated regions 
(5'-UTR) or 3'-UTR that are too long. The set of sequences from the IMGT 
reference directory, used for IMGT/V-QUEST, can be downloaded in FASTA 
format from the IMGT site. 
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Sequence compared with the Human Ig set from the IMGT reference directory 
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Fig. 5. IMGT/V-QUEST results for the gene and allele identification, and the transla- 
tion of the JUNCTION. IMGT/V-QUEST compares the input germline or rearranged 
IG or TR variable sequences with the IMGT/V-QUEST reference directory sets. For 
example, the highest scores for the input AF306366 rearranged sequence allow the 
identification of IGHV1-3*01, IGHD3-10*01, IGHJ4*02 as the genes and alleles most 
likely to be involved in the V-D-J rearrangement. The CDR3-IMGT of that sequence is 
13 amino acids (or codons) long (from position 105 to position 117). The JUNCTION 
extends from 2nd-CYS 104 to J-TRP 118 included. The translation is displayed from 
2nd-CYS to the Phe/Trp-Gly-X-Gly (here, W-G-Q-G) motif included. The information 
provided by IMGT/V-QUEST [V and J gene and allele names, sequence of the JUNC- 
TION (from 2nd-CYS 104 to J-PHE or J-TRP 118)] can be used in IMGT /Junction- 
Analysis for a confirmation of the D gene and allele identification and a more accurate 
analysis of the junction (see Figs. 9 and 10). Gene and allele names are according to the 
IMGT nomenclature (1,2,18-20). 

4. 1.2. IMGTA/-QUEST Reference Directory Sets 

Depending on your selection in the IMGT/V-QUEST Search page (IG or TR, 
species), your sequence will be compared to a given IMGT/V-QUEST reference 
directory set. The IMGT/V-QUEST reference directory sets are constituted by 
sets of sequences that contain the V-REGION, D-REGION, and J-REGION 
alleles, isolated from the Functional and ORF allele IMGT reference 
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sequences. By definition, these sets contain one sequence for each allele. Allele 
names of these sequences are shown in red in Alignments of alleles in the 
IMGT repertoire (http://imgt.cines.fr). Exceptionally, the IMGT/V-QUEST ref- 
erence directory sets may include sequences isolated from pseudogene allele 
IMGT reference sequences [indicated with (P) following the allele name]. For 
sequence alignments, the IMGT/V-QUEST uses the DNAPLOT program, an 
alignment tool that is part of IMGT, developed by Hans-Helmar Althaus and 
Werner Miiller (Institut fur Genetik, Koln, Germany). Since 1997, the IMGT/V- 
QUEST developments have been implemented by Veronique Giudicelli 
(IMGT, LIGM, Universite Montpellier II, Montpellier, France). 

4. 1.3. IMGTA/-QUEST Output 

The IMGT/V-QUEST output comprises five different displays: 

1. Alignment for the identification of the V-GENE, D-GENE, and J-GENE: the align- 
ment in Fig. 5 shows the input sequence aligned with the closest V-REGION, D- 
REGION, and J-REGION alleles, from the IMGT/V-QUEST reference directory 
sets. Dots represent identity, and dashes and lines are gaps. The alignments for the 
D-REGION and the J-REGION start from the end of the V-REGION. Note that the 
IGH D-REGIONs are not easily identified by IMGT/V-QUEST, and that it is rec- 
ommended to use the IMGT/JunctionAnalysis tool (http://imgt.cines.fr) for the 
IGHD gene and allele identification. 

2. Translation of the JUNCTION: the JUNCTION extends from 2nd-CYS 104 to J- 
PHE or J-TRP inclusive. J-PHE or J-TRP are easily identified for in-frame 
rearranged sequences and when the conserved Phe/Trp-Gly-X-Gly motif of the J- 
REGION is present. The translation of in-frame sequences is displayed starting 
from 2nd-CYS up to the Phe/Trp-Gly-X-Gly motif (inclusive), if the motif is pre- 
sent in your sequence (Fig. 5) or in the closest J-REGION, or up to the end of your 
sequence if the motif is not found. The length of the CDR3-IMGT of rearranged V- 
J-GENEs or V-D-J-GENEs is a crucial piece of information. It is the number of 
amino acids or codons from position 105 to J-PHE or J-TRP, noninclusive. Note 
that for an out-of-frame sequence, it is necessary to look at the nucleotide sequence 
to identify the codon that would have encoded J-PHE or J-TRP, in order to delimit, 
in 3', the JUNCTION (codon included), or the CDR3-IMGT (codon not included). 
Some V-REGIONs have a Cysteine at position 103. In those cases, for a technical 
reason, the translation of the JUNCTION will start with "CC." Be aware that the 
first Cysteine corresponds to position 103, and is not part of the JUNCTION. 

3. Alignment with FR-IMGT and CDR-IMGT delimitations: the sequences are shown 
with the IMGT unique numbering and with the IMGT framework region (FR- 
IMGT) and complementarity-determining region (CDR-IMGT) delimitations (Fig. 
6). Dashes indicate identical nucleotides. Dots indicate gaps according to the IMGT 
unique numbering. The resulting alignment shows the CDR3-IMGT of the 
germline V-REGION alleles of the IMGT reference directory. The CDR3-IMGT of 
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Fig. 6. IMGT/V-QUEST results for alignment with FR-IMGT and CDR-IMGT 
delimitations. The input nucleotide sequence (AF306366) is aligned with the five most 
similar sequences from the IMGT reference directory set (in that example, human IG). 
FR-IMGT and CDR-IMGT delimitations are according to the IMGT unique number- 
ing (32,33,41). 



input rearranged sequences can be identified in the translation of the JUNCTION 
and in the translation of the input sequence. 

4. Translation of the input sequence: the nucleotide sequence and deduced amino acid 
translation of the input sequence are shown with the FR-IMGT and CDR-IMGT 
delimitations (Fig. 7). The 3' limit of the CDR3-IMGT of the input rearranged 
sequence is correctly identified if the conserved Phe/Trp-Gly-X-Gly motif of the J- 
REGION has been identified. If not, the 3' limit of the CDR3-IMGT must be checked. 

5. IMGT/Collier de Perks for the input sequence V-REGION: the IMGT/Collier de 
Pedes 2D graphical representation (Fig. 8) is automatically generated by the IMGT 
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Fig. 7. IMGTN-QUEST results for translation. The translation of the input nucleotide 
sequence is displayed with FR-IMGT and CDR-IMGT delimitations according to the 
IMGT unique numbering (32,33,41). CDR1-IMGT, CDR2-IMGT, and rearranged CDR3- 
IMGT lengths of the AF306366 V-DOMAIN sequence are 8, 8, and 13 amino acids (or 
codons) long, respectively, or [8.8.13] as described in the IMGT Scientific chart (41). 



Collier de Pedes program developed by Gerard Mennessier (Laboratoire de Physique 
Mathematique, Montpellier, France) and adapted for Java applet by Denys Chaume 
and Manuel Ruiz (IMGT, LIGM, Montpellier, France). Only a portion of the CDR3- 
IMGT of the rearranged sequence is shown. The length which is displayed corre- 
sponds to that of the longest germline CDR3-IMGT in the V-REGION set used. The 
representation of the CDR3-IMGT loop of rearranged sequences is in development. 

4.2. IMGT/JunctionAnalysis Tool 
4.2. 1. Overview 

IMGT/JunctionAnalysis (http://imgt.cines.fr) is a tool developed by Mehdi 
Yousfi (IMGT, LIGM, Montpellier, France), complementary to IMGT/V- 
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Fig. 8. IMGTN-QUEST results for Collier de Perles. Positions with a dot correspond to 
missing positions according to the IMGT unique numbering (32,33,41). The CDR-IMGT 
are limited by amino acids shown in squares, which belong to the neighboring FR-IMGT. 
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QUEST, which provides a thorough analysis of the V-J and V-D-J junction of 
IG and TR rearranged genes (Fig. 9). IMGT/ 'Junction Analysis identifies the D- 
GENE and allele involved in the IGH, TRB, and TRD V-D-J rearrangements by 
comparison with the IMGT reference directory, and delimits precisely the P, N, 
and D regions (1,2). Results from IMG1 7 Junction Analysis are more accurate 
than those given by IMGT/V-QUEST regarding the D-GENE identification. 
Indeed, IMGT /Junction Analysis works on shorter sequences (JUNCTION), 
and with a higher constraint because the identification of the V-GENE and J- 
GENE and alleles is a prerequisite to perform the analysis. Several hundreds of 
junction sequences can be analyzed simultaneously. 

4.2.2. IMGT/JunctionAnalysis Input Information 

Select Species: At present, only human sequences can be analyzed, but 
mouse sequences will follow (Fig. 9). 

Select Locus (IGH, IGK or IGL for the immunoglobulins): By default, the 
IGH search will yield results by comparing input data to the IGHD genes and 
alleles in direct and inverted orientations. A faster (but simplified!) search does 
not include "inversed" D genes and gives results by comparing input data to 
only the IGHD (*01) alleles (Fig. 9). 

Enter the junction sequences: The junction nucleotide sequences can be 
entered either directly in the reserved box by typing or by "copy/paste," or by a 
local file (click on "Browse" or type its full path in the reserved box). The 
required format is the FASTA format. Each junction nucleotide sequence must 
be preceded by the following information (Fig. 10): 

1. An identifier ("input"), with a ten-character maximum length. This identifier can be 
a sequence name, an accession number, or a clone name. 

2. The name of the V-GENE and ALLELE according to the IMGT gene name nomen- 
clature. 

3. The name of the J-GENE and ALLELE according to the IMGT gene name nomen- 
clature. 

There is no limitation in the number of sequences to be analyzed in a single 
search. Sequences only need to be entered in the same format, starting a new 
line for each sequence: 

>"inputl," "V-GENE and ALLELE name," "J-GENE and ALLELE" 
"nucleotide sequence (in uppercase or lowercase)" 
>"input2," "V-GENE and ALLELE name," "J-GENE and ALLELE" 
"nucleotide sequence (in uppercase or lowercase)" 

Example: 

>M62724, IGHV7-4-l*02, IGHJ4*02 
tgtgcgagagaagatagcaatggctacaaaatatttgactactgg 
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Fig. 9. IMGT/JunctionAnalysis search page (http://imgt.cines.fr). 

>Z47269, IGHVl-69*06, IGHJ5*02 

tgtgcgagagggggggctaaggtcgaatttttggagtggtttcatgggtactggttcgacccctgg 

The junction nucleotide sequences must start with V-REGION 2nd-CYS 
codon and end with the J-REGION J-PHE or J-TRP codon. "V-GENE and 
ALLELE" and "J-GENE and ALLELE" are those obtained by querying IMGT/V- 
QUEST. If several alleles give the same score, select the most probable one. 

If the V-GENE ALLELE or J-GENE ALLELE is unknown, the IMGT/Junc- 
tionAnalysis tool accepts a "?" character instead of the allele number (example: 
IGHV1-2*?) and will run the search against the allele (*01) by default. If there 
are several proposed V-GENEs and/or J-GENEs, the different V-GENE and 
ALLELE names and/or J-GENE and ALLELE names must be separated by the 
"/" character (example: IGHVl-2*01/IGHVl-3*?/IGHVl-18*02, IGHJ1*01/ 
IGHJ2*01). The IMGT/JunctionAnalysis tool will run the search against the 
first V-GENE and ALLELE and J-GENE and ALLELE listed. 

Select the output options: The analysis results can be either displayed or 
downloaded into a local file. The maximum number of characters per line 
allows the user to select the most appropriate format for viewing or printing. 
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Fig. 10. IMGT/JunctionAnalysis input information page. Each junction sequence 
(from 2nd-CYS 104 to J-PHE or J-TRP 118) must be preceded by an identifier, a V- 
GENE gene and allele, and a J-GENE and allele. There is no limitation in the number 
of sequences to be analyzed in a single search. 

The order of the translation results can be either according to the input or based 
on the CDR3-IMGT lengths (Fig. 10). 

4.2.3. IMGT/JunctionAnalysis Output 

The IMGT/JunctionAnalysis output comprises: 

1. Analysis of the JUNCTIONS: Results are displayed according to the selected output 
option (in the order of the sequence entries or based on the CDR3-IMGT lengths). 
Nucleotides of each region identified in a JUNCTION are displayed. Dots in V- 
REGION, D-REGION, and J-REGION indicate nucleotides deleted in the rearranged 
sequence, by comparison to the corresponding germline V-GENE, D-GENE, and J- 
GENE. N, Nl, N2, N3, N4 indicate N-REGIONs. If there are several N-REGIONs, 
they are numbered from left to right. P indicates P-REGIONs (there is no numbering 
for the P-REGIONs). The information provided by the user in the IMGT/Junction- 
Analysis Search page is reported in three columns: Input, V name (IMGT V-GENE 
and ALLELE name), and J name (IMGT J-GENE and ALLELE name). The infor- 
mation which results from IMGT/JunctionAnalysis is displayed in the other columns: 
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D name: IMGT D-GENE and ALLELE name (for IGH junctions). 
Vmut: Number of mutations in the "input" sequence from 2nd-CYS to the V- 
REGION 3' end, by comparison to the corresponding germline allele sequence. 
Dmut: Number of mutations in the D-REGION sequence identified by the 
IMGT /Junction Analysis tool, by comparison to the corresponding germline allele 
sequence. 

Jmut: Number of mutations in the "input" sequence from the J-REGION 5' end to 
J-PHE or J-TRP, compared to the corresponding germline allele sequence. 
Ngc: Ratio of the number of g+c nucleotides to the total number of N region 
nucleotides. 
2. Translation of the JUNCTIONS: Each junction nucleotide sequence is translated 
into an amino acid sequence (Fig. 11). In the case of frameshifts, gaps indicated by 
one or two dots are inserted to maintain the J-REGION reading frame and to facil- 
itate sequence comparison. Codons and amino acids are numbered according to the 
IMGT unique numbering for the V-DOMAINs. The numbering is made according 
to the longest JUNCTION obtained in the results. Note that gaps inserted in the 
other JUNCTIONS may split a D-REGION or a J-REGION because the gaps are 
localized at the top of the CDR3-IMGT loops and depend on the CDR3-IMGT 
length and not on the sequence alignment. "*" indicates a STOP-CODON. "#" 
indicates a frameshift. "+" and "-" at the end of the line indicates "in-frame" and 
"out-of-frame" junction, respectively. 

4.3. Other IMGT Tools 

IMGT/Allele-Align makes it possible to compare two alleles, highlighting 
the nucleotide and amino acid differences. IMGT/PhyloGene is an easy to 
use tool for phylogenetic analysis of IMGT standardized reference 
sequences. IMGT/GeneSearch, IMGT/GeneView, and IMGT/LocusView are 
tools for genome analysis of the IG, TR, and MHC genes and foci. 
IMGT/StructuralQuery is a tool for 3D structure analysis of the IG, TR, 
MHC, and RPI. 

5. IMGT-ONTOLOGY and IMGT Interoperability 
5.1. IMGT-ONTOLOGY 

IMGT distributes high-quality data with an important incremental value 
added by the IMGT expert annotations, according to the rules described in the 
IMGT Scientific chart. IMGT has developed a formal specification of the terms 
to be used in the domain of immunogenetics and bioinformatics to ensure accu- 
racy, consistency, and coherence in IMGT. This has been the basis of IMGT- 
ONTOLOGY (13), the first ontology in the domain, which allows the 
immunogenetics knowledge to be maintained for all vertebrate species. Control 
of coherence in IMGT combines data integrity control and biological data eval- 
uation (38,39). 
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Fig. 11. IMGT/JunctionAnalysis results. The IMGT/JunctionAnalysis results com- 
prise, for each junction, the identification of the D-GENE and allele, the identification 
of the P and N regions (e.g., Nl and N2) and their precise delimitations, and the junc- 
tion translation. Vmut, Dmut, and Jmut correspond to the number of mutations in the 
input junction sequence by comparison to the germline allele sequences. Ngc is the 
ratio of the number of g + c nucleotides to the total number of nucleotides in the N 
regions. The CDR3-IMGT numbering is done according to the IMGT unique number- 
ing for V-DOMAIN (41). IMGT/JunctionAnalysis analyzes, in a single search, an 
unlimited number of junctions, provided that the IMGT V-GENE and ALLELE and the 
J-GENE and ALLELE names are identified in the input information page. 



5.2. IMGT Interoperability 

Since July 1995, IMGT has been available on the web at http://imgt.cines.fr. 
IMGT provides biologists with an easy-to-use and friendly interface. From Janu- 
ary 2000 to July 2003, the IMGT WWW server at Montpellier was accessed by 
more than 210,000 sites. IMGT has an exceptional response, with more than 
120,000 requests a month. Two-thirds of the visitors are equally distributed 
between the European Union and the United States. To facilitate the integration 
of IMGT data into applications developed by other laboratories, we have built an 
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Application Programming Interface to access the database and its software tools 
(see "IMGT Informatics page [API...]") (38). This API includes: a set of URL 
links to access biological knowledge data (keywords, labels, functionalities, and 
lists of gene names), a set of URL links to access all data related to one given 
sequence, a set of JAVA™ class packages to select and retrieve data from an 
appropriate IMGT server using an Object-oriented approach. 

6. Conclusion 

The information provided by IMGT is valuable to clinicians and biological 
scientists in general (40). IMGT is designed to allow a common access to all 
immunogenetics data, and a particular attention is given to the establishment of 
cross-referencing links to other databases that are relevant to the users of IMGT. 

7. Citing IMGT 

Authors who make use of the information provided by IMGT should cite ref. 
6 as a general reference for the access to and content of IMGT, and quote the 
IMGT home page URL, http://imgt.cines.fr. 
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Antibody Variable Regions 

Toward a Unified Modeling Method 
Nicholas Whitelegg and Anthony R. Rees 

1. Introduction 

Predicting the structure of the antibody variable region from sequence has 
been the focus of considerable research since the work of Kabat and Wu (7), 
Padlan et al. (2), Stanford and Wu (3), and Feldmann et al. (4). Following the 
essentially "homology"-based predictions of these early approaches, methods 
were developed that introduced more rule-based procedures exemplified by our 
own work (5-11) and that of Chothia, Lesk, and colleagues (12-17) who, 
building on the observations of Kabat et al. (18,19) and Padlan and Davies 
(20), developed the concept of canonical classes for certain of the variable 
region complementarity-determining region (CDRs). Since then, attention has 
focused on the more difficult problem of non-canonical CDRs, of which the 
antibody heavy-chain CDR3 (hereafter referred to as H3) is the most unique. 

Antibody modeling offers an advantage over protein modeling in general 
because only the Fv has to be modeled, and the constant region is conserved. In 
addition, the majority of the Fv itself, the framework, is highly conserved in 
structure between different antibodies, and can be modeled using the most 
sequence-homologous known framework (11). For CDR modeling, five of the 
six CDRs (all except H3) frequently fall into one of between one and ten 
canonical classes, a set for each CDR. Members of a canonical class all have 
approximately the same backbone conformation. This is determined by the 
loop length and the presence of a number of key residues, both in the CDR and 
the framework, which hold the CDR in a particular conformation by hydrogen 
bonding, electrostatic, and/or hydrophobic interactions. In order to model an 
unknown CDR, the sequence is examined, the appropriate canonical class 
assigned, and the most sequence-homologous known CDR is used. For each 
loop except L2, a few examples fall outside existing canonical classes, and, 
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along with the H3 loop, must be modeled in other ways. One question that must 
be asked is whether these examples are real "outliers" or whether they are 
members of additional canonical classes for which only one member has been 
observed thus far. This is one of the questions that is investigated here. 

To date, no strictly "canonical" classification has been possible for CDR H3. 
The difficulty of modeling the H3 loop arises from the extensive variability in 
both sequence and structure among different antibodies. There are essentially 
three approaches to the prediction of H3 conformations: knowledge-based 
methods, such as database searching, in which the closest matching database 
loop [either from antibodies, or from the entire Protein Data Bank (PDB) (21)] 
in sequence and length is used as the model — e.g., as in ABGEN (22) — or ab 
initio methods, such as the CONGEN conformational search (23), or a combi- 
nation of both (8). More recent analysis suggests that eventually, knowledge- 
based methods will provide the degree of accuracy required for most 
applications of modeling, such as antibody humanization (24,25). However, at 
present, a combination of empirical and ab initio methods is likely to be neces- 
sary when accuracies approaching those of medium resolution X-ray structures 
are required. 

The use of such methods inevitably requires a screening step, since choices 
between a number of different possible structures must be made. This screen- 
ing may be carried out using some sort of energy function (26), or by knowl- 
edge-based methods in which, for example, the suitability of a sequence for 
each constructed conformation is evaluated (e.g., as in threading algorithms 
such as THREADER) (27). The relative success of such screening methods in 
antibody modeling is described later in this chapter. 

1.1. Do Sequence-Structure Rules Exist for CDR H3? 

Recent studies have shown that there are indeed sequence-structure rules, 
largely for the C-terminal region of the H3 loop (11). The first extensive analy- 
sis was carried out by Shirai et al. (28), who observed that the C-terminal con- 
formation fell into two conformational groups: 

1. "kinked," in which residue H3:C-2 (see Subheading 6. for specific H3 nomencla- 
ture rules) points inward and H3:C-1 outward, and 

2. "extended," in which a standard beta-strand extended conformation is assumed, 
with residue H3:C-2 pointing outward and H3:C-1 inward, in contrast to the 
"kinked" group. 

A number of rules (28) were formulated for deciding which conformation 
would be adopted, and the majority of structures were classed as "kinked." 
These can be summarized as follows: if Asp is present at H3:C-1, either the 
kinked or extended conformation is formed depending on the presence or 
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absence respectively of a positively charged group at H3:N-1. If Asp is not pre- 
sent at H3:C-1, the kinked conformation is formed. 

Morea et al. (29) have also proposed these two subtypes for H3 loops, using 
the same set of rules; however, they subdivided the "extended" class into two 
subtypes, determined by interactions between H3 and conserved aromatic 
residues of HI. They also suggest that the "sharpness" or "shallowness" of the 
kink is determined by whether or not the H3:L3 interface is sterically hindered. 
If it is, the residue at H3:C-3 points toward L2, forming a "sharp" kink, 
whereas if it is not, it points toward L3, forming a "shallow" kink. However, 
our studies of an updated set of structures reveal no such correlation. 

The majority of existing structures conform to the rules of Shirai et al. and 
Morea et al. There were three exceptions, which were explained by prolines 
distorting the H3 loop [Protein Databank (PDB) access code: Imam], posi- 
tively charged residues in the N-terminal half of the H3 loop, allowing forma- 
tion of the kink where an extended structure would be expected (ligi), and 
differing structures in the free and complexed antibodies (lhil). Neither group 
offered a clear classification of the center of the loop, except that if a hairpin 
structure was formed, the subclass of beta-turn formed was determined by the 
rules of Sibanda et al. (30). 

Shirai et al. have recently extended their investigations (31) because more 
structures have become available in the PDB. Their findings have reinforced 
the kinked/extended rules, and one or two additional rules have emerged. First, 
more structures are known containing charged residues in (either) the N-termi- 
nal half of the loop (or) the residue immediately before the L2 loop. These new 
structures would be expected to be extended on the basis of sequence, but are 
actually kinked (5/6), leading to the proposition that if charged residues are in 
such positions, a kinked rather than an extended structure will be formed. 

Secondly, the class of kink has been subdivided into three types: T(rans), 
C(is), and G(auche), based on the value of the pseudo-dihedral angle formed by 
the C-alpha atoms of the residues H3:C-4, H3:C-3, H3:C-2 and H3:C-1. Shirai 
et al. (31) have proposed that, for steric reasons, if there is a tryptophan in posi- 
tion H3:C-3, the C-type kink is always formed, whereas if there is a glycine in 
this position, the G-type kink is always formed. This holds true based on the 
evidence thus far, with all eight structures with a Gly at this position forming a 
G kink and all four structures with a Trp forming the C kink. However, the con- 
verse — that there must be a Gly or Trp at these positions to form the G or C 
kinks respectively — is not true. Thus, there are no sequence rules to determine 
whether a structure will form the most common (T) kink type, and several G or 
C kinks are sequentially unexplained. Shirai et al. (31) have further attempted 
to classify H3 loops into structures that form beta-ladders in the center of the 
loop, and those that are more disordered. They propose that prolines in certain 
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positions of the loop cause the central section to be completely disordered, 
whereas aromatic residues at certain positions result in the formation of beta- 
ladders. The former is true in five of six cases, and the latter in 12 out of 13 (the 
exception is a very long loop of 17 residues). However, once again, the con- 
verse is not true: most beta-ladder structures do not have aromatics in the given 
positions, and six disordered structures do not have prolines in the correct posi- 
tions. Furthermore, this classification into beta-ladders and disordered struc- 
tures is questionable: few structures show well-defined beta ladders. Our own 
detailed structural examination suggests that the structures classified as beta- 
ladder (for example, the 10-residue loop of ldba) do not appear to have any 
more beta-ladder character than others classified as disordered (for example, 
the 10-residue loops of lfor and ligi). It appears that for the moment, the beta- 
ladder rules are too poorly defined to be of any real use. Finally, Shirai et al. 
proposed that the presence and type of a beta-turn is determined by the rules of 
Sibanda et al. (30). Yet again, although when the residues required are present 
that type of turn will form (but only for H3 loops of 10 residues or less), there 
are many structures with beta-turns but without the required residues. 

In a separate investigation, Oliva et al. (32) have proposed a further H3 clas- 
sification. Cluster analysis was performed on the observed H3 structures, from 
which a number of structural groups emerged. Attempts were made to identify 
common sequence motifs in each group that would determine the structure. 
However, few clear, concise motifs emerged, and those that did required broad- 
ening as new structures in the database arrived. An additional problem with this 
classification was that each group contained only a small number of structures 
(typically two or three), in some of which kinked, extended, and differing 
length structures were clustered together because the center of the loops occu- 
pied similar conformational spaces. 

In summary, the investigations reviewed here have provided a defined set of 
rules for the conformation of the C-terminal of H3 loops in terms of kinked or 
extended conformations, and some useful information as to whether the G or C 
subtype of kink will form. This information is clearly useful for antibody model- 
ing, and indeed is exploited by us in our updated, web-based implementation of 
the AbM algorithm (33). However, there are too many exceptions to the other 
proposed rules to be able to construct anything resembling a clear, canonical- 
style set of rules for H3 conformation. Furthermore, published studies thus far 
have consistently missed, or only covered to a limited extent, the role of intra-H3 
or H3 -other CDR side chain-side chain interactions in CDR conformation. For 
the non-H3 CDRs, this has been shown to be very important in canonical class 
definitions (12). These interactions are also very important for H3. 

In this chapter we describe the progress in determining a more detailed clas- 
sification of CDRs, we analyze and present results on side chain conforma- 
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tional modeling and its effect on the accuracy of CDR prediction, particularly 
CDR H3, and, finally, we propose effective methods for screening candidate 
H3 conformations. The details of the algorithms and the protocols for model- 
ing an antibody using the web-based algorithm, WAM, are detailed at http:// 
antibody.bath.ac.uk. These new developments result in a modeling protocol 
that exhibits considerable improvements over other antibody modeling meth- 
ods. 

2. Modeling Approach 

2. 1. Reclassification of Canonical Loops 

For the most recent non-redundant set of antibody structures available from 
the PDB at the time of writing, LI, L3, HI, and H2 CDRs were grouped into 
length classes. The conformations were examined (Insight-II, MSI Inc.), any 
clear outliers were noted, and possible reasons for unusual conformations were 
determined. In addition, new clusters of conformations were catalogued, and 
their sequences and interactions were examined for possible new canonical 
classes. For CDRs that belonged to existing classes on conformational grounds, 
but did not conform to the existing rules, the exceptional residues were noted, 
and a decision was made regarding whether the definitions should be widened 
to include them. The criteria used were conservation of residue type and fre- 
quency of occurrence of the atypical residue(s). 

2.2. Canonical and CDR-H3 Conserved Side Chains 

For the same structure set used in the canonical analysis and each existing 
canonical class of CDRs LI, L2, L3, HI, and H2, the chi-1 values at each posi- 
tion were analyzed. The data readily separated out into positions in which the 
chi-1 was entirely random, or where the vast majority of examples exhibited 
conserved chi-1 angles, for either all or specific residue types. A residue posi- 
tion was conserved if 85% of observed chi-ls were within 20 degrees of the 
mean, with at least ten observed examples, or all the examples were within 20 
degrees of the mean with at least five observed examples. A small number of 
positions that narrowly failed to meet these criteria (nine observed examples, of 
which one was an outlier) were also included, particularly if they were in 
canonical key residue positions, or were conserved in other classes of that loop 
that differed only in length. 

A similar approach was used for the conserved side chains at the C-termi- 
nus of H3. Since the "kink" was a conserved feature, the entire set of 
"kinked" conformations were taken, the chi-ls of the four C-terminal residues 
were analyzed, and the same criteria were used to determine whether each 
position was conserved. For the H3-conserved side chains, the chi-2 angles 
were also analyzed. 
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2.3. H3 Backbone Analysis 

A set of 70 non-redundant crystal structures of antibodies was used for the 
analysis of H3 loops (Table 1). Selected structures were required to have a res- 
olution below 3.0 A with the absence of any structural uncertainties. The H3 
loops were grouped into structural classes by fitting members of each length 
group onto each other, followed by examination in Insight-II. Any apparent 
similarities were subsequently verified by calculating the global RMSD 
between each H3 loop. When similarities were observed, a search was made for 
possible canonical-type features, such as hydrogen bond, salt bridge, and 
hydrophobic interactions, using both visual examination for identification and 
the CONTACT program (N. Whitelegg, unpublished results) to analyze and list 
probable interactions of those types. For exceptions in a length class that exhib- 
ited a similar conformation to the remaining members, the same methods were 
used to search for interactions that might be responsible for the unusual confor- 
mation. Figures were generated with MOLSCRIPT (36) and Raster3D (37). 

2.4. Modeling Protocol 

The methods for modeling an antibody variable region from sequence are 
now associated with a web-based service, WAM, which is free to academic 
users. It can be found at http://antibody.bath.ac.uk. A typical procedure is pre- 
sented in Subheading 5. Given this existing service, this chapter does not fol- 
low the style of others in this volume by describing detailed procedures within 
the text. However, to understand the theoretical basis for some of these proce- 
dures, a detailed analysis of CDR canonical and non-canonical conformations 
follows. The results of this analysis are used within the WAM algorithm, but 
are not detailed here. Of course, readers may use the detailed descriptions of 
canonical structures and the H3 "rules" in a purely manual fashion. 

3. CDR Conformations 

3. 1. Reclassification of Canonical Loops 

Our new findings on canonical structures, together with a summary of the rules 
for each loop, are presented here. For more details of the existing classes, refer to 
the studies of Chothia and colleagues (12-17). Note that the numbering scheme 
for some of the classes differs from that used by Chothia and colleagues, but 
where differences exist they are clearly indicated. Note also that CDR residues are 
indicated using a different notation here: for example, L1:N + 1 indicates the 
residue immediately following the N-terminal residue of LI, and L3:C-2 is the 
residue two before the L3 C-terminal residue. Residue H2:C + 13 describes the 
framework residue 13 residues after the H2 C-terminus, and L:N + 1 describes the 
framework residue following the N-terminal residue of the entire light chain. 
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Table 1 

Sequences and Lengths of the CDR-H3 Loops Used in the Analysis 



PDB 


H3 


H3 


PDB 


H3 


H3 


Code 


Length 


Sequence 


Code 


Length 


Sequence 


lpsk 


5 


KSFDY 


layl 


10 


YYYGYWYFDV 


lhkl 


5 


YYGIY 


lefv 


10 


LNYAVYGMDY 


lind 


5 


HRFVH 


lclz 


10 


GLDDGAWFAY 


Iggb 


5 


EGYIY 


lnbv 


10 


DQTGTAWFAY 


lgpo 


5 


WHGDY 


lkb5 


10 


SRTDLYYFDY 


lcr9 


5 


DLMDY 


lclo 


10 


DRGLRFYFDY 


lnld 


5 


RGGDF 


ligf 


10 


YSSDPFYFDY 


lsm3 


6 


VGQFAY 


lrmf 


10 


GGWLLLSFDY 


legs 


7 


GYSSMDY 


lbln 


10 


YYRYEAWFAS 


lmlb 


7 


GDGNYGY 


leap 


10 


SYYGSSYVDY 


ltet 


7 


RSWYFDV 


laif 


10 


RPLFYYAVDY 


lghf 


7 


VEAGFDY 


la6v 


11 


YDYYGSSYFDY 


4fab 


7 


SYYGMDY 


lfvc 


11 


WGGDGFYAMDY 


lmrc 


7 


LRGYFDY 


2hlp 


11 


RDSSASLYFDY 


3hfl 


7 


GNYDFDG 


lfrg 


11 


RERYDEKGFAY 


lvfa 


8 


ERDYRLDY 


ligc 


11 


WGNYPYYAMDV 


lfgn 


8 


DNSYYFDY 


lmcp 


11 


NYYGSTWYFDV 


la6t 


8 


RDDYYFDF 


lfpt 


11 


DFYDYDVGFDY 


lmim 


8 


DYGYYFDF 


lncb 


11 


GEDNFGSLSDY 


lkem 


8 


WGSYAMDY 


laxs 


11 


GHSYYFYPGDY 


Imam 


8 


DPYGPAAY 


12e8 


11 


GHDYDRGRFPY 


Iplg 


8 


GGKFAMDY 


lad9 


11 


EKTTYYYAMDY 


lcic 


8 


GLAFYFDH 


lejo 


11 


RAFDSDVGFAS 


lb2w 


8 


GFLPWFAD 


lnqb 


11 


YDYYGSSYFDY 


2fbj 


9 


LHYYGYNAY 


lhil 


11 


RERYDENGFAY 


ligt 


9 


HGGYYAMDY 


ligm 


12 


HRVSYVLTGFDS 


larl 


9 


HEYYYAMDY 


lvge 


12 


DPYGGGKSEFDY 


ljhl 


9 


DDNYGAMDY 


6fab 


12 


SEYYGGSYKFDY 


2jel 


9 


VMGEQYFDV 


liai 


12 


DGYYFNYYAMDY 


7fab 


9 


NLIAGGIDV 


Idee 


12 


VKFYDPTAPNDY 


lnfd 


9 


AGRFDHFDY 


losp 


12 


SRDYYGSSGFAF 


lmfb 


9 


GGHGYYGDY 


lap2 


12 


REVYSYYSPLDV 


lfor 


10 


SGNYPYAMDY 


ljrh 


12 


RAPFYGNHAMDY 


ldba 


10 


GDYVNWYFDV 


lmpa 


12 


IYFDYADFIMDY 


ligi 


10 


SSGNKWAMDY 


ldsf 


12 


SPIYYDYAPFTY 


la4j 


10 


AERLRRTFDY 
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Table 2 

Ten-Residue L1 Loops that Structurally Belong to Canonical Class 1 
But Are Not Classed as Such by the Existing Rules, Showing 
the Differences in Residue Type From Those Required 



Residues 


L:N+ 1 


L1:N+ 1 


L1:N + 


5 


L1:C-1 


L2:C+ 15 


Required for class 


I 


A 


V 




L,M 


Y 


la6t 


S 


P 


V 




M 


F 


lclo 


T 


A 


V 




I 


Y 


lmim 


I 


A 


R 




M 


Y 


lpsk 


I 


A 


V 




I 


Y 



3.2. CDR-L1 

The existing classification (17) defines five definitive canonical classes for 
kappa chains, plus five indefinite classes: four lambda, and one kappa. New 
structures solved since that classification have clarified some of the definitions. 
The five existing classes — class 1 (10 residues), 2 (17 residues), 3 (11 
residues), 4 (16 residues), and 8 (15 residues) (referred to by Chothia and col- 
leagues as Kl to K5, respectively) — are all held in place by a hydrophobic 
interaction made by buried residue L1:N + 5, which contacts other hydropho- 
bics atLl:C-l, L:N+ 1 andL2:C + 15, as well as a Ser or Ala at L1:N + 1. 

3.2. 1. Class 1 (10 Residues) 

An examination of the entire set of 10-residue Lis has expanded the allowed 
range of residues that make the hydrophobic interaction. Of the ten structures, 
four — la6t, lclo, lmim, and lpsk — do not fit into the existing definition, yet on 
structural grounds, they are members of the class. Table 2 shows that much of 
the sequence variation involves homologous residues: Phe rather than Tyr for 
la6t L2:C + 15, lie rather than Met for lclo and lpsk L1:C-1, and Pro rather 
than Ala for la6t L1:N + 1. However, there are three non-conserved substitu- 
tions: Ser and Thr rather than He for la6t and lclo L:N + 1, respectively, and 
Arg rather than Val for lmim L1:N + 5. On this basis, it was decided to widen 
the definition of this class to include loops containing Pro at L1:N + 1, lie at 
L1:C-1, and Phe at L2:C + 15, but to exclude those loops containing the non- 
conserved substitutions. 

3.2.2. Class 2 and New Class 6 (1 1 Residues) 

Of the 59 occurrences of 11 -residue Lis, only 40 fit the canonical sequence 
rules for class 2, whereas all but two are members of the class on conformational 
grounds. The two exceptions — 8fab and lnfd — both contain a Pro at residue 
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'AlaL1:C-1 



Ala 

L2:C+15 




Val LI :C-1 



Ala L2:C+15 

Fig. 1A. The contrasting conformations of 10-residue LI loops of class 1 (lvfa, left) 
and class 6 (8fab, right). 

Fig. IB. Top: 16-residue LI loops. Left: ldba, an example of a 16-residue LI loop 
with the defining class 4 interaction; right, laxt, an example of a 16-residue LI loop that 
cannot form the class 4 interaction as a result of steric effects. Bottom: the contrasting 
conformations of 14-residue LI loops of class 9 (lgig, left) and class 10 (7fab, right). 



L1:N + 5 rather than the normal large hydrophobic, thus distorting the usual 
structure (Al-Lazikani et al. [17] also place 8fab in a separate class). To explain 
this unusual structure, we define here a new class, class 6 {see Fig. 1A). 
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Of the remaining 17 structures that are members of the class on conforma- 
tional but not sequence grounds, widening of the range of allowed residues at 
L:N + 1 and L1:C-1 from He and Leu respectively to either He, Val, or Leu in 
either position, returns 16 of the 17 structures to class 2 membership. The 
remaining member — lghf — shows an unusual substitution from Ala to Glu at 
residue L1:N + 1, and is excluded. 

3.2.3. Class 3(17 Residues) 

Of the seven 17-residue Lis, only one fails to meet the canonical sequence 
criteria, but passes the conformational test. This exception, 43c9, results from a 
substitution of He by Val at residue L:N + 1. It was decided to add this conser- 
vative substitution to the range of allowed residues for this class. 

3.2.4. Class 4 (16 Residues) 

Of the 32 instances of 16-residue Lis, all but four are conformational mem- 
bers of this class, but only 16 fit the canonical rules. As with class 2, all but one 
LI could be returned to this class by expanding the definitions to include con- 
served substitutions, with one exception, lkem has Phe rather than Ser at L1:N 
+ 1, a substitution that slightly perturbs the structure. 

The four conformational outliers — lbln, 4fab, laxt and lcfv — are all differ- 
ent, and therefore are not classifiable. By sequence, three of the four show dif- 
ferences (Thr, Gin, or Tyr) from the normally conserved Asn (occasionally Asp 
or Ser) at residue Ll:C-6, whereas in the remaining LI- lcfv — the otherwise 
absolutely conserved Gly at Ll:C-5 is substituted by Arg, preventing formation 
of the canonical conformation on steric grounds. 

Structural examination of the canonical members reveals that Asn at Ll:C-6 
forms hydrogen bonds with one or both of Ll:C-2 (normally Tyr) and Ll:C-8 
(normally His) (Fig. IB). In those instances when one of these two is substituted 
by a residue unable to hydrogen bond, LI :C-6 is able to form the other hydrogen 
bond and maintain the structure; furthermore, Asp and Ser at Ll:C-6 could also 
make the interaction. However, when Ll:C-6 is one of Thr, Gin, or Tyr (in the 
outliers) it is impossible to form this interaction (Fig. IB). Therefore, in addition 
to widening the range of hydrophobic residues allowed for class 4, we have pro- 
posed a restriction of residue Ll:C-6 to Asn, Asp or Ser, and Ll:C-5 to Gly. 

3.2.5. Class 5 (13 Residues) 

The only one member of this class — 2fb4 — has a lambda light chain. The 
conformation is unlike other lambda light chain Lis of 14 residues, but, as with 
other class 5 members, contains a buried residue at L1:N + 5. Until other 13- 
residue Lis are observed, we propose to retain this class, first suggested by Al- 
Lazikani et al. (17). 
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3.2.6. Class 7 (12 Residues) 

Three 12-residue LI structures (laif, plus the new structures 15c8 and lcf8) 
exhibit very similar structures, and also feature the typical hydrophobic inter- 
action of Lis (see Subheading 3.2.; Andrew Henry, personal communication). 
Therefore, on this basis, it was decided to define a new class for 12-residue 
Lis, determined by hydrophobics at L1:N + 5, L1:C-1, L:N + 1 and L2:C + 15, 
as well as a Ser or Ala at L1:N + 1. 

3.2.7. Class 8 (15 Residues) 

There are currently six 15-residue Lis. All conform to the "K5" class (17), 
both on conformational and sequence grounds. 

3.2.8. Class 9 and Class 10 (14 Residues) 

A number of new 14-residue LI structures have recently been defined, and 
all of these are from lambda light chains, making a total of nine structures. 
Again, they exhibit the hydrophobic interaction typical of Lis, but involve 
L1:N + 6 rather than L1:N + 5. It can be seen from Table 3A that on sequence 
grounds they fall into two clear categories (laqk and 7fab, and the remainder), 
based on the residue type at L1:N + 1, L1:N + 6 and L1:C-1. On conforma- 
tional grounds, they also separate into two groups corresponding to the 
sequence groups. The reason for the differences in conformation appears to be 
sterically driven, arising from residue size differences at L1:C-1, and L1:N + 6 
(Fig. IB, bottom). The conservation of sequence and structure in the main 
group of 7, together with the fact that two 14-residue classes corresponding to 
the classes outlined here were also proposed by Al-Lazikani et al. (17), leads us 
to define a new class 9 and a tentative new class 10 (Table 3B). 

3.3. CDR L2 

The overwhelming majority of CDR-L2 loops follow the one existing 
canonical structure described by Chothia and colleagues (12-14). Currently, 
only one or two L2 loops fail to fit this classification, but the low incidence of 
nonconformist structures does not allow additional classes to be defined with 
any degree of confidence. 

3.4. CDR-L3 

Existing canonical classes for CDR-L3 (12-17) are present for eight- (class 
3) and nine- (classes 1 and 2) residue loops. They are conformationally similar 
to hairpin loops, but with perturbations that depend on the positions of proline 
residues. A Gin residue at L3:N + 1 also plays a role in holding the conforma- 
tion through hydrogen bonds to backbone atoms. The L3 classes have been 
substantially revised, as described here. 
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Table 3A 

Residues Involved in the Hydrophobic Interaction in 14-Residue Lis, 
Showing the Differing Residue Types at L1:N+6 and L1:C-1 for 1aqk 
and 7fab and the Remainder 





L1:N+1 


Ll:N+6 


L1:C-1 


L2:C+15 


la6v 


S 


V 


A 


A 


laqk 


G 


I 


V 


A 


Igig 


S 


V 


A 


A 


lind 


S 


V 


A 


A 


lmfb 


s 


V 


A 


A 


lngq 


s 


V 


A 


A 


lsm3 


s 


V 


A 


A 


lyuh 


s 


V 


A 


A 


7fab 


G 


I 


V 


A 



Table 3B 

Proposed Definition of New 14-Residue L1 Canonical Classes, Based 

on the Differing Residue Patterns and Conformation in 1aqk 

and 7fab Compared to Examples in Table 3A 

Class 9 (all except laqk,7fab) Class 10 (tentative) (laqk,7fab) 

L1:N+1 S G 

Ll:N+6 V I 

L1:C-1 A V 

L2:C+15 A A 



3.4.1. Class 1 (9 Residues) 

This is the most populated class, and is determined by a Gin at L3:N + 1 and 
Pro at L3:C-2. All 65 structures that fit the canonical rules have the required 
conformation (broadly), and similarly, all structures with the required confor- 
mation fit the rules. 

3.4.2. Nine-Residue Loops Outside Class 1 

The existing Chothia classes include a class 2 for nine-residue Lis, which 
has an altered conformation as the Pro is at L3:C-3 rather than L3:C-2. How- 
ever, an examination of the ten nine-residue L3s not in class 1, listed here, 
reveals that only one structure thus far — 2fbj — fits the rules and the remain- 
der — all lambda light chains — have different sequence patterns (Table 4A). A 
new group of six structures with virtually identical sequence exists for nine- 
residue L3s. Examination of the conformations reveals that these six had 
almost identical conformation, and therefore should be considered to be a new 
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Table 4A 

Nine-Residue L3s Outside Canonical Class 1, Showing Six Examples 
(in Bold) That Exhibit a New Hydrophobic Interaction Not Seen 
in Previous Examples 



2fbj 


QQWTYPLIT 


la6v 


ALWYSNHWV 


lind 


ALWYSNLWV 


Igig 


ALWYSNHWV 


lngq 


ALWYSNHWV 


lsm3 


ALWYSNHWV 


lyuh 


ALWYSNHWV 


7fab 


QSYDRSLRV 


8fab 


QAWDNSASI 


lmfb 


ALWCNNHWI 



Table 4B 

Definition of New Hydrophobic L3 Canonical Class 6 



L3:N+1 


L 


L3:N+2 


W 


L3:N+3 


Y 


L3:C-1 


W 


L:N+3 


V 


Ll:N+5 


V 


Ll:C-2 


Y 


H2:N-3 


w 



canonical class. Examination of the interactions reveals that unlike other L3 
canonical classes, but like LI and HI classes, they are held in place by 
hydrophobic interactions, of which three exist. First, the Leu at L3:N + 1 is sur- 
rounded by the fourth residue in the light-chain framework (Val), L1:N + 6 
(Val), and L3:N + 3 (Tyr). Second, the Trp at L3:N + 2 is surrounded by Tyr 
Ll:C-2 and the other L3 Trp (L3:C-1). Finally, Trp L3:C-1 is surrounded by the 
first L3 Trp as well as the framework Trp immediately preceding H2 (H2:N-3), 
and in five of six cases, the hydrophobic H3 residue at H3:C-2 that contributes 
to its characteristic "kink" (28). In the other case — lyuh — the H3 has an 
unusual kink conformation, because of a Pro at H3:C-3, and the Trp packs 
against the Pro instead of the H3:C-2 residue. Therefore, a new L3 canonical 
class can be designated (Table 4B; Fig. 2, top). 

It is notable that all six structures exhibit the new LI 14-residue canonical 
class 9, which contains the key Val and Tyr residues described here. The other 
three nine-residue L3 structures — 7fab, 8fab, and lmfb — contain only some of 



64 



Whitelegg and Rees 



Val L1 :N+6 



Val LN+3 



L1 :C-2 





O of L3:C-2 



Gin 
L3:N+1, 




L3:C-1 



Fig. 2. L3 loop interactions. Top: two views of the hydrophobic interactions of new 
class 6 as seen in an example structure (lgig); bottom: the differing conformations of 
eight-residue L3s of new canonical class 4 (laOq, left) and existing class 3 (3hfl, right). 



the key residues for the new class, and therefore are perturbed from the canon- 
ical conformation. 

3.4.3. Eight-Residue Loops 

The existing Chothia classes (12,17) define only one canonical class for 
eight-residue L3s, determined by the Gin at L3:N + 1 and a Pro at L3:C. How- 
ever, of the five eight-residue L3s with known structure, only one — 3hfl — 
exhibits this sequence pattern, and the remainder show a different sequence and 
conformation (Table 5; Fig. 2, bottom). 

The remaining loops are virtually identical in conformation. They are simple 
hairpin loops, with a conformation determined by hydrogen bonds from the Gin 
at L3:N + 1, as in class 1. Thus, it can be said that 3hfl is in fact the outlier with 
the Pro perturbing the structure from the norm for eight-residue L3s, and we can 
divide eight-residue loops into two canonical classes: the existing class 3 (3hfl) 
and new class 4, determined by Gin L3:N + 1 and the absence of Pro at L3:C-1. 



Antibody Variable Regions 65 

Table 5 

Sequences of Eight-Residue L3 Loops 



3hfl 


QQWGRNPT 


laOq 


LQYYNLRT 


lc5d 


LQYGNLYT 


leap 


LQYYNLRT 


ljrh 


QQYWSTWT 



3.4.4. Seven-Residue Loops 

Al-Lazikani et al. (17) suggested a seven-residue class. The new eight- 
residue class 5, with the Gin as the only important determining residue (no Pro 
is needed to determine the conformation) lends support to the definition of a 
new L3 canonical class 5 for the two seven-residue L3s determined thus far, 
which also lack a Pro yet contain the Gin and are very similar to each other in 
conformation (ldfb: QQYNSYS, and lmim: HQRSSYT). 

3.4.5. Ten- and 1 1 -Residue Loops 

Apart from the six canonical classes for L3, four longer loops are also seen. 
These are the 10-residue loops of laqk and larl, and the 11-residue loops of 
lnfd and 2fb4. Unfortunately, both the 10-residue and 11-residue examples are 
dissimilar, so classes cannot be defined. 

3.5. CDR-H1 

Existing Chothia classes for CDR-H1 cover a 10-residue class 1 — a slightly 
perturbed version of class 1 designated class 2 — and an 11-residue class 3. 
Both class 1 and class 3 are determined by hydrophobic contacts made by 
H1:N + 1 and H1:N + 3, whereas class 2 contains polar residues at H1:N + 1, 
which perturbs the conformation slightly, although it is still within 2 A of the 
average class 1 conformation. 

3.5.1. Classes 1 and 2 (10 Residues) 

3.5.1 .1 . Conformation 

Of 116 10-residue His, in general, 113 structurally fit into class 1 or 2. As 
Chothia and colleagues have suggested previously, there are minor differences 
in individual members of the main structural group, caused by minor differ- 
ences in sequence and in the other CDRs. The three members of class 2 — 
3hfm, lgpo, and losp (included by widening the dependence on Asp or Thr at 
L1:N + 1 to Asp, Thr or Glu) — do not noticeably stand out in conformation 
from the rest, and all members of class 1 and 2 are within 1.5-2.0 A of each 
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Arg H2:C+13 




ArgH2:C+13 



Phe ^W 

H::N+3 ^ t. 

MeH1:N+2 ^t 



H2-C+13 




H2:N+3 



J? 



\ArgH2:C+13 
H2:N + 5VST> 



H2:N+3 



Fig. 3. The unusual HI and H2 conformations of lb2w, compared to a normal 
structure (ligt). The larger residue at H2:N + 5 in lb2w (bottom right) compared to ligt 
(bottom left) would cause a steric clash if the local backbone conformation and the con- 
formation of Arg H2:C +13 adopted the typical class 3 interaction; therefore H2:C + 
13 adopts an alternative placing, which in turn causes the H2 to adopt a class 2 rather 
than the expected class 3 conformation. In addition, the differing H2:C + 13 in lb2w 
also influences the HI conformation (top right) compared to the normal (top left). 

other by locally fitted root-mean-square deviation (RMSD), although they are 
more similar to each other than to the majority of class 1 members. Three struc- 
tures (lnfd, lb2w, and ligi) are structurally distinct from the main group, lnfd 
has a very different sequence from the norm, with an Asp at H1:N + 3 com- 
pared to a hydrophobic in all but one other examples, whereas the difference in 
lb2w is restricted to the N-terminal and results from a combination of two 
effects. First, He H1:N + 2 (relatively unusual; normally a hydrophilic residue 
is found here) is buried in the normal position of Phe H1:N + 3, which has a 
different conformation in order to retain packing with Arg H2:C + 13, which in 
turn shows an unusual conformation because of features in CDR-H2 (Fig. 3). 
Both these unusual features (the He and the unusual Arg conformation) appear 
to be essential, as structures with just one form the normal HI 10-residue N- 
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terminal conformation. The conformation of ligi is very different from the 
remainder — a slack, open loop — but no explanation for the difference has been 
determined. It could be, as with the CDR-H3 of lhil, that the normal canonical 
conformation is formed on complexation. 

3.5.1.2. Sequence 

A total of 17 structures, which on conformational grounds belong to the main 
10-residue group, are not classified as canonical by the existing rules, losp has 
been mentioned here, and of the others, 12 could be included by removing the 
dependency on a positively charged residue at H3:C-3. A wide range of residues 
are observed at this position over all the class 1 members, including Gly, Ser, lie, 
Ala, and Gin, so it would appear that this is not a determining residue. Three more 
are included by widening the residues at position H:N + 1 to include Leu and He 
and H1:C-1 to include Phe, leaving only one structure, leap, still sequentially 
lying outside the class. This is because of the presence of Ser rather than a 
hydrophobic at H1:N + 3, and for reasons already mentioned in the LI discussion, 
it was decided not to include Ser in the range of allowed residues at this position. 

3.5.2. Class 3 (1 1 Residues) 

A total of five 11 -residue HI loops have been observed (lbaf, lcl2, lcf8, 
lf58, and lay 1). All of these have the canonical conformation and fit the canon- 
ical rules. 

3.5.3. Class 4 (12 Residues) 

This is another class proposed by Al-Lazikani et al. (17), formed by insert- 
ing two residues into the standard CDR-H1 conformation (the 10-residue class 
1) rather than one as in class 3. Examination of the four examples (lacy, lggi, 
ljrh, and 2hmi) reveals that all have an almost identical conformation, and like 
the other classes, they are held in place by the two hydrophobic interactions at 
H1:N + 1 and N + 3. Therefore, a new class 4 has been defined for 12-residue 
His, with the same residue dependencies as for classes 1 and 3. 

3.6. CDR-H2 

There are four canonical CDR-H2 conformations — one of 9 residues, one of 
12 residues, and two of 10 residues. The conformations are determined by 
residue types required for hairpin loops, and by the residue at framework posi- 
tion H2:C + 13, which packs against the H2 loop. 

3.6.1. Class 1 (9 Residues) 

All of the 23 nine-residue H2s show the canonical conformation. However, 
two fail to match the sequence requirements. 7fab shows Val at position H2:C + 
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Trp H3:N+2 




Fig. 4. The unusual conformation of the H2 loop of lrmf showing the underlying 
interaction. 



13 rather than Arg, Lys, or He. Since Val is similar in type to He, it was decided 
to widen the allowed types here to include Val. If58 shows Ala at H2:N + 5 
rather than Gly or Asp, residues favored in turns. Since this is the first observa- 
tion of Ala at this position, it was decided not to include it as an allowed residue 
type for the class, although if it is observed in subsequent structures, it may be 
included. 

3.6.2. Classes 2 and 3 (10 Residues) 

As discussed by Chothia et al. (13), the main determinant for whether a 10- 
residue loop belongs to class 2 or 3 is the residue type at position H2:C + 13. In 
class 3, this residue is Arg, which forces the loop residue H2:N + 3 onto the sur- 
face. In class 2, this residue is smaller (Ala, Leu, or Thr), leaving a cavity in the 
space the Arg would normally occupy, which is instead filled by residue H2:N + 3. 

3.6.2.1 . Conformation 

A single structure — lrmf — belongs neither to class 2 or class 3 conforma- 
tionally, with the N-terminal end of the H2 pointing outward toward H3. This 
was found to be stabilized by a "sandwich" aromatic interaction, between the 
Tyr at residue H2:N + 4, the His at the C-terminal of HI, and a Trp at H3:N + 2 
(Fig. 4). The Tyr and His are frequently observed in these positions, whereas 
the H3 Trp is the only incidence in 10-residue H3s at this position, so it can be 
concluded that the Trp is the residue forcing the conformation. 
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Additionally, two structures that fit the class 3 rules conformationally belong 
to class 2; these are discussed here. 

3.6.2.2. Sequence 

All 22 structures in class 3 on conformational grounds fit the sequence require- 
ment of an Arg at framework residue H2:C + 13, yet of 66 structures in class 2, 33 
do not fit the sequence-structure rules. A total of 23 of these show Val at H2:C +13 
rather than Ala, Leu, or Thr, a clear indication that Val is among the range of 
smaller (than Arg) residues allowed at this position. Two structures each show Asp, 
Glu, or Val at residue H2:N + 6, compared to the stipulated Gly or Ser. The require- 
ment for Gly and Ser is related to requirements for turns (12,13); however, these 
are preferred rather than required residues. Because there was more than one 
observation of each, the range of allowed residues was widened to include Asp, 
Glu, and Val. One structure (ldba) shows lie rather than Pro, Thr, or Ala at H2:N + 
3, and one more (lmpa) Arg at H2:N + 6; however, the canonical rules were not 
extended to cover these because there has only been a single observation of each. 
Nonetheless, the variation at H2:N + 6 reinforces the idea that the most important 
determining residue is the framework residue H2:C + 13, rather than any of the 
loop residues themselves. Finally, however, two structures (lb2w and lvge) — 
which sequentially belong to class 3, with an Arg at this position — conformation- 
ally belong to class 2, which shows smaller residues at this position. This is 
because the Arg points outward rather than into the cavity, resulting in less steric 
hindrance than there would have been otherwise, and in turn allowing H2:N + 3 — 
the smaller residues Ala and Pro — to be buried, leading to the class 2 conformation 
(Fig. 3). However, the reason for the differing Arg conformation in these two cases 
could not be determined, although it appears to be a result of steric reasons as a 
result of a larger than normal (Asp, Thr vs Gly, Ser) residue at H2:N + 5. (The Asp 
in lb2w appears to be unable to form a salt-bridge interaction with the Arg on geo- 
metric grounds). In addition, in lb2w, this influences the CDR-H1 conformation 
(Fig. 3). Therefore, it was decided to modify the rules for class 3 so that if Arg is 
present at H2:C + 13, but a residue other than Gly or Ser (or, by inference, Ala) is 
found at H2:N + 5, the class 2 rather than class 3 conformation is formed. 

3.6.3. Class 4 (12 Residues) 

Of a total of 14 twelve-residue H2s, 12 conformationally belong to this 
class. Of the two outliers, one — lnfd — has a completely different sequence, 
whereas the other — laif — features a conserved substitution of the key residue 
Tyr by Phe at H2:C-3. Chothia and colleagues (75) indicate that the role of the 
Tyr involves a nonpolar packing interaction against the Arg at H2:N + 13, 
something that Phe should also be able to do. One possible explanation for the 
difference is that, although no actual hydrogen bonds are formed, polar interac- 
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tions between the Tyr-OH and the backbone CO and NH groups in the preced- 
ing (apex) residues may play a role in holding the apex conformation, some- 
thing suggested by examination in Insight-II. Phe cannot do this, and the 
energetics could therefore favor the observed conformation, away from the Arg 
and the apex of the loop, packing with He H2:N + 1 instead. This in turn would 
influence the loop apex conformation, the region in which laif differs. 

Of the 12 with the required conformation, two do not meet the sequence 
requirements, lcel features Val rather than Arg at the key framework residue 
H2:C + 13, whereas ldlf features His rather than Tyr at H2:C-3. Since Val has 
been shown to be a replacement for Arg in class 1 , and His can perform the func- 
tion of Tyr in terms of the polar interactions suggested here, both these were 
deemed to be acceptable substitutions to incorporate into the canonical rules. 

3.7. Conserved Side Chains 

3.7.1. Canonical CDR-Conserved Side Chains 

Examination of the chi-1 angles of side chains of canonical loops of known 
structure has revealed that side chains at certain positions in each class are con- 
served in conformation, with respect to chi-1 (Table 6). Although certain 
canonical key residues are included in this list, others vary more between struc- 
tures in terms of chi-1 (although their general position is obviously similar). By 
contrast, certain other residues, which may be involved in other roles such as 
solubilizing the antibody, do have conserved chi-ls. 

3. 7.2. H3-Conserved Side Chains 

The investigation of the "kinked" H3 structures conducted in this work has 
led to the discovery of the fact that the chi-ls of the residues forming the "kink" 
are conserved (for definition, see Subheading 2.2.)- The conservation is inde- 
pendent of the length of the loop; almost all examples of "kinked" loops con- 
served the chi-ls of the four C-terminal residues (Table 7). 

The small number of outliers are not dependent on the length of the loop, or 
whether or not the H3 falls into one of the well-defined structural classes pre- 
sented in the preceding section, so it was deemed safe to use the entire set of 
"kinked" loops for determination of conservation. 

There is also some degree of conservation in chi-2 for specific residue types 
only. Table 8 illustrates residues for which at least 64% are within 30 degrees 
of the mean. 

3.8. H3 Backbone Classification: An Improved Description 
of H3 Loops 

The analysis of CDR-H3 loops has yielded some interesting results, not cov- 
ered in the work of others, and this is presented below for each length H3. 
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Table 6 

Residues of Canonical Loops with Conserved Chi-1 Values 



Loop 






Loop 






Loop 






and 




Residue 


and 




Residue 


and 




Residue 


class 


Residue 


type 


class 


Residue 


type 


class 


Residue 


type 


Ll,l 


3 


S 


LI, 10 


7 


I 




8 


W 


Ll,2 


6 


I 




13 


V 




9 


1 




7 


Y 


L2,l 


4 


T 




9 


V 




9 


Y 




6 


D 




10 


[EHNY] 




10 


L 




6 


I 


Hl,2 


7 


[FY] 




10 


V 




6 


[FHY] 




9 


W 


Ll,3 


6 


L 


L3,l 


1 


F 


Hl,3 


2 


Y 




7 


[FL] 




4 


[HWYNF] 




4 


1 


LI, 4 


3 


S 




5 


H 




5 


T 




6 


L 




6 


Y 




11 


[NH] 




7 


V 




7 


[FWY] 


H2,l 


1 


Y 




8 


N 


L3,4 


1 


[LQ] 




2 


1 




10 


H 




3 


Y 




3 


S 




13 


T 




4 


[YW] 




3 


W 




14 


[YFH] 




5 


[NS] 




5 


D 




15 


[LMF] 




8 


T 


H2,2 


2 


[IFLV] 




16 


E 


L3,5 


1 


[QH] 




3 


[DNY] 




16 


H 




2 


Q 




5 


Y 


Ll,7 


11 


* 


L3,6 


2 


L 




6 


T 


Ll,8 


5 


S 




3 


W 


H2,3 


1 


T 




6 


* 




7 


[HL] 




2 


1 




13 


F 




8 


W 


H2,4 


1 


F 




15 


* 


Hl,l 


2 


[LIYF] 




2 


1 


Ll,9 


2 


S 




4 


F 




3 


R 




7 


* 




7 


[FY] 




4 


N 




11 


N 




7 


N 




9 


Y 




12 


[YH] 




8 


N 









The residue numbering is a local numbering for each loop, where 1 indicates the N-terminal 
residue. Note that when more than one type of conserved residue is shown for a position on sep- 
arate lines, the chi-ls are different for each residue type, whereas where residues are grouped 
together, they all have chi-ls within the same range 



3.8.1. Five-Residue Loops 

Because of their small size, five-residue H3s do not show well-defined 
"kinked" or "extended" C-terminals. Nevertheless, they do show either the 
"kinked" H3:C-2 carbonyl/Trp H3:C + 1 side chain interaction, or, in one case 



72 



Whitelegg and Rees 



Table 7 

Conserved chi-1 Angles at the C-Terminus of H3 Loops 





Number 


% 


Chi-1 


Residue 


Residue 


conserved 


conserved 


(approx) 


types not conserved 1 


H3:C-3 


21/24 


87.5 


60 


Trp (3 examples) have chi-1 of -60, 
rather than 60 


H3:C-2 


All 


100 


-60 




H3:C-1 


30/33 


90.9 


60 




H3:C 


33/35 


94.3 


-60 


Val not conserved 



' These residue types are not included in the calculation of percentage conserved, or in the 
number of conserved totals. 



Table 8 

Conserved chi-2 Angles at the C-Terminus of H3 Loops 





Number within 


Percentage 


within 






Residue 


30 degrees 


30 degrees 


Mean chi-2 


and type 


of the mean 


of the mean 


(of this 


group only) 


H3:C-3 (Y) 


9/14 


64 






85 


H3:C-2 (YFN) 


22/27 


81 






-59 


H3:C-2 (MLI) 


9/12 


75 






176 


H3:C-1 (D) 


22/33 


67 






-11 


H3:C (YF) 


29/33 


88 






-82 



(lnld), the "extended" Asp H3:C-1 side chain/Trp H3:C + 1 side chain interac- 
tion. Furthermore, unlike the longer loops, they separate into reasonably well- 
defined structural subgroups that can be determined by sequence. For this 
reason, they are treated separately from H3 loops of longer lengths. The global 
RMS deviations between the structures are shown in Table 9. Three well- 
defined structural groups, determined by sequence, are revealed (Fig. 5) and 
described here. 

3.8.1 .1 . No Asp at H3:C-1 or Asp at H3:C-1 and Arg at H3:N-1 

This is the rule which, for longer loops, defines a "kinked" structure. Five struc- 
tures — lggi, lind, 3fct, laj7, and lnld — show this sequence pattern, and as Table 
9 shows, all except lnld are close in conformation, lind is slightly different, as it is 
perturbed slightly by an interaction between His H3:C and Ser H3:N-1. A further 
structure, lpsk, shows this conformation although it has an Asp and no Arg; the 
Lys at H3 :N takes the place of the Arg in forming the salt-bridge with the Asp. 
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Table 9 

Backbone, Global RMSD Between Five-Residue H3 Loops 





lgpo 


ldqq 


lnld 


laj7 


3fct 


Iggi 


lpsk 


lind 


ldqq 


0.4 


- 


- 


- 


- 


- 


- 




lnld 


3.2 


3.0 


- 


- 


- 


- 


- 




laj7 


2.2 


2.1 


2.5 


- 


- 


- 


- 




3fct 


1.5 


1.4 


2.1 


1.3 


- 


- 


- 




Iggi 


2.4 


2.4 


2.4 


1.2 


1.3 


- 


- 




lpsk 


2.6 


2.5 


2.8 


1.0 


1.7 


1.3 


- 




lind 


2.4 


2.3 


3.3 


1.3 


1.9 


2.2 


1.9 




lcr9 


5.5 


5.4 


3.2 


4.4 


4.4 


3.8 


4.4 


5.3 



Lys L2:N+1 



Asp H3:C-1 




Trp H3:C+1 




Trp H3:C+1 



normal "kink"lnteraction 




Trp H3:C+1 



Fig. 5. Five-residue H3 conformations. Top left; lgpo and ldqq (kinked because of 
interaction with L2); top right; lcr9 (extended); bottom; Iggi (typical kinked). 



The reason that lnld does not show the typical conformation (instead, the 
"extended" Asp H3:C-l/Trp H3:C + 1 interaction is formed) is unclear. One pos- 
sibility is that because of the small size of the loop, it is difficult for the Arg H3 :N- 
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1 to form the salt-bridge with the Asp. 3fct also shows Arg H3 :N-1 and Asp H3 :C- 
1, but has a second interaction between Arg H3:N and Asp H3:N + 1, which may 
"tip the balance" in favor of the "kinked" interaction pattern, unlike lnld. 

3.8.1 .2. Asp at H3:C-1 and no Arg at H3:N-1 plus Lys at L2:N-1 

The Asp and no Arg sequence pattern would normally result in the "extended" 
interaction pattern. However, in the two five-residue structures (lgpo and ldqq) 
with this pattern, the "kinked" interaction of the H3 :C-2 carbonyl with the Trp 
H3:C + 1 is shown, as the Asp salt-bridges with Lys L2:N-1. Lys is not always 
seen at this position, and evidence for its role in H3 conformation is provided by 
the five-residue H3 of lcr9, which exhibits an Asp at H3:C-1, but no Lys here 
and no Arg at H3:N-1. This forms an "extended"-type conformation. More sup- 
port for this rule comes from structure 3hfm, which at 3.0 A, only just fails the 
resolution criterion used in this analysis. This structure has an Asp at H3:C-1 and 
a Lys at L2:N-1, and shows the same conformational class as lgpo and ldqq. 

3.8.1 .3. Asp at H3:C-1 and no Lys at L2:N-1 

One structure (lcr9) shows an Asp at H3:C-1 but, unlike the group described 
here (Subheading 3.8.1.2.), has no Lys at L2:N-1. Thus, the Asp interacts with 
Trp H3:C + 1 in the normal "extended" manner, and the structure shows an 
extended C-terminal. 

3.8.1 .4. Summary 

Based on the evidence thus far, it can be said with reasonable confidence that 
the structural class described in Subheading 3.7.1.2. will lead to the conforma- 
tion shown in lgpo, ldqq, and 3hfm. Because of the problem of lnld, the like- 
lihood of the structural class described in Subheading 3.7.1.1. forming the 
conformation shown in lggi, laj7, 3fct, and lpsk is less, but we can say with 
reasonable confidence that if there is no Arg at H3:N-1 and no Asp at H3:C-1, 
the conformation will form. If, as in lind, there is a His at H3:C and a Ser or 
similar-size hydrogen -bonding residue (e.g., Thr or Asn) at H3:N-1, there will 
be a slight perturbation of the type seen in lind. 

3.8.2. Six- to Twelve-Residue Loops 

3.8.2.1 . Six-Residue Loops 

There is just one kinked six-residue H3: lsm3. This shows the typical U-shaped 
conformation found in the main group of seven- to nine-residue kinked H3s. 

3.8.2.2. Seven-Residue Loops 

These loops fall into three classes, a kinked group (legs, ltet, limb, lghf), an 
extended group (4fab, lmrc), and an irregular structure, 3hfl. The kinked/ 
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Table 10 

Backbone, Global RMSD Between 

Seven-Residue Kinked H3 Loops 





legs 


ltet 


lmlb 


legs 


— 


— 


— 


ltet 


1.6 


- 


- 


lmlb 


1.6 


1.8 


- 


lghf 


1.0 


1.4 


1.7 



Table 11 

Backbone, Global RMSD Between Eight-Residue Kinked H3 Loops 





lvfa 


lfgn 


lmim 


la6t 


lkem 


lb2w 


Iplg 


lvfa 


— 


— 


— 


— 


— 


— 


— 


lfgn 


1.4 


- 


- 


- 


- 


- 


- 


lmim 


1.2 


0.8 


- 


- 


- 


- 


- 


la6t 


0.9 


1.5 


1.3 


- 


- 


- 


- 


lkem 


2.3 


2.1 


2.5 


2.7 


- 


- 


- 


lb2w 


2.1 


2.7 


2.3 


1.9 


4.0 


- 


- 


Iplg 


3.7 


4.2 


3.6 


3.4 


5.5 


2.0 


- 


lcic 


2.9 


3.2 


2.7 


2.6 


4.4 


1.4 


1.2 



extended rules apply to the first two groups. In 3hfl, the irregular structure (in 
which a kink would be expected) is caused by the Asp H3:C-1 residue forming a 
saltbridge with residue L2:N-4, unusually an Arg. This forces the carbonyl of 
H3 :C-2 away from Trp H3 :C + 1 , preventing the kink from being formed. The 
kinked group is fairly conserved, as the global RMSD (Table 10) show. 

3.8.2.3. Eight-Residue Loops 

Again, there are two broad classes for eight-residue loops: a kinked class, 
covering most structures (lvfa, lfgn, lmim, la6t, lkem, lb2w), a single non- 
kinked, irregular example (Imam), and two structures with a "weak" kink 
(Iplg, lcic). All should form the kink by the Shirai rules, however, the two pro- 
lines in Imam distort the structure (28). 

a. Kinked Table 11 shows that all examples exhibiting a normal kink, 
except lkem, are highly conserved in conformation (Fig. 6, left), lkem (Fig. 6, 
center) has its loop pointing more "upright" than the others. Examination on 
Insight-II has revealed that this is because of the Trp residue at H3:N that 
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"normal" 1 kern "weak" kink 

Fig. 6. Eight-residue H3 conformations. Left: the superimposed "typical" confor- 
mations of lvfa, lfgn and la6t; center: the unusual conformation of lkem; right: the 
"weak kink" conformations of lplg and lcic. 



blocks the normal conformation. Kim et al. (34) have also made this observa- 
tion. Ib2w also has a slightly differing conformation in the center of the loop 
(residues Pro H3:N + 3 and Trp H3:N + 4). 

b. Weakly Kinked Two structures, lplg and lcic (Fig. 6, right), are very 
similar in conformation (global backbone RMSD 1.2 A), and show a "weak" 
kink. Kim et al. (34), through the results of dynamics simulations, have specu- 
lated that Gly at the N-terminal (common to both) could be important. Our 
own investigations suggest that this could indeed be true for eight- and nine- 
residue loops, as the nine-residue structure lmfb also has a "weak" kink and is 
the only example with Gly at the N-terminal. Furthermore, the eight-residue 
H3 loop lb2w is similar in conformation to lplg and lcic, if not quite as simi- 
lar as they are to each other (2.0-A RMSD from lplg; 1.5 A RMSD from lcic), 
and it too has Gly at H3:N and a "weak" kink, although its apex differs some- 
what, because of the large Trp H3:N + 4 side chain and the Pro H3:N + 3. 
However, glycines at the N-terminal for other lengths do not exhibit "weak" 
kinks; it thus appears to be a steric effect (because Gly allows more freedom in 
the backbone than other residue types), depending on loop length. 

3.8.2.4. Nine-Residue Loops 

With nine-residue loops, the majority are kinked, lbbd forms an extended 
structure by the rules of Shirai et al., yet 2fbj, ligt, ljhl, 2jel, 7fab, and lnfd all 
form true kinks. As already seen, one structure, lmfb, forms a "weak" kink, 
probably because of the presence of Gly at H3:N. 

a. Main Kinked Group Table 12 shows that three of the structures, 2fbj, 
ligt, and ljhl, are all conserved in structure. The H3 forms a standard "U-shaped 
loop" shape (see Fig. 7), more open than hairpin loops. 
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Table 12 

Backbone, Global RMSD Between Nine-Residue Kinked H3 Loops 





2fbj 


ligt 


ljhl 


larl 


2jel 


7fab 


lnfd 


2fbj 


- 


- 


- 


- 


- 


- 


- 


ligt 


1.4 


- 


- 


- 


- 


- 


- 


ljhl 


1.3 


1.3 


- 


- 


- 


- 


- 


larl 


1.6 


1.5 


1.6 


- 


- 


- 


- 


2jel 


2.4 


2.6 


2.4 


3.0 


- 


- 


- 


7fab 


2.3 


2.6 


2.4 


2.7 


2.4 


- 


- 


lnfd 


4.9 


5.3 


4.6 


4.8 


3.2 


4.5 


- 


lmfb 


1.8 


2.1 


2.2 


2.0 


2.4 


2.6 


4.5 




'normal" 



GIu 
H3:N+ 



Lys L2:N 




7fab 




lnfd 



Arg L3:C -1 




Fig. 7. Nine-residue H3 conformations. Top Left: the superimposed "typical" con- 
formations of ligt and ljhl; top right: 2jel; bottom left: 7fab; bottom right: lnfd. 



b. Kinked Structures with Differences in the Center 2jel and 7fab both form 
kinks, but show differences in the center of the loop. 7fab, uniquely, has an Arg 
in the L3 loop at position L3:C-1, which forms a hydrogen bonding interaction 
with the side chain of Asn H3:N and with the carbonyl of residue H3:N + 2, 
forming an unusual "bulge" in the N-terminus that subsequently affects the 
center. In 2jel, the difference is not so great, but a salt-bridge between the Lys 
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at residue L2:N and the Glu at residue H3:N + 3 perturbs the center of the loop. 
This is the only H3 for which this is possible in terms of sequence. 2jel and 
7fab are also rather "tighter" loops than the main group (Fig. 7). 

Of all the true kinked structures, lnfd (Fig. 7) is the most unusual. This has 
some similarities with lkem in that the histidine at position H3:C-3 occupies 
the position that the apex would normally occupy, forcing a more "upright" 
conformation. This is further stabilized by hydrogen bonds between the histi- 
dine ring and the backbone, and an aromatic interaction between the histidine 
and the Tyr immediately before L2. 

3.8.2.5. Ten-Residue Loops 

There are a large number of ten-residue H3 loops, and the majority are 
kinked. Two (leap and laif) form extended C-terminals, in accordance with the 
rules of Shirai et al. The kinked structures break up into different groups, 
depending on the conformation of the center of the loop, as shown in Table 13. 

a. "U-shaped" Structures This is the most frequent group (Fig. 8) with 
four definite members (lfor, ligi, ldba, and la4j) and four additional members 
close in structure to those five, though slightly different (layl, lbln, lclz, and 
lcfv). The conformation is a U-shaped loop, rather like hairpin loops but lack- 
ing the even beta-structure (see Fig. 8), although lbln, lclz, and lcfv are closer 
to a hairpin structure than the remainder. All satisfy the Shirai "kink" rules 
except for ligi and la4j, which have a Asp at H3:C-1 but no Arg or Lys at 
H3:N-1. In both cases, the Arg or Lys at H3:N + 4 takes the place of the N-ter- 
minal residue in forming the salt-bridge. 

Within the five close structures, the RMSD values suggest a further separa- 
tion into three groups: lfor and ligi, ldba and la4j, and layl. In the latter, the 
bulky Trp at H3:C-4, and the large number of aromatics in general, indicate that 
there is more of a steric hindrance problem, restricting the space available to 
the conformation. For the other two groups, sequence distinctions are unclear 
except that at position H3:N + 1, lfor and ligi have Gly and Ser, whereas ldba 
and la4j have Asp and Glu. However, no distinguishing interaction could be 
determined. 

b. "Lid and finger" Structures The three structures of ligf, lkb5 and lclo 
are all fairly — although not very — similar (RMSD from each other 2-2.5 A). 
They have a more perturbed structure, with a "lid"-like centre with a "finger" 
projecting upward (Fig. 8). However, examination of the interactions does not 
reveal a single defining interaction: in ligf, the "finger" appears to be held in 
place by residue Tyr H3:C-3 hydrogen bonding with Ser H3:N + 1 and the car- 
bonyl of Asp H3:N + 3; in lkb5 it appears to be the side chains of Asp H3:C-1 
with Arg H3:N + 2 and Tyr H3:C-3; and in lclo it appears to be the side chain 
of Asp H3:N with the N-H groups of H3:N + 2 and H3:C-3. 
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Table 13 

Backbone, Global RMSD Between Kinked 10-Residue H3 Loops 

lfor ldba ligi la4j layl lcfv lclz lnbv lkb5 lclo ligf lrmf lbln 
lf or _______ ______ 

ldba 1.4 ------ ------ 

ligi 1.1 1.4 ---------- - 

la4j 1.3 0.9 1.3 ----- - - 

layl 1.7 2.0 1.9 1.3 - - - - - - - 

lcfv 1.8 1.8 1.7 1.4 1.8 - - - - - _ _ _ 

lclz 2.0 2.3 1.8 1.9 2.4 1.6 - - - - - 

lnbv 2.5 2.3 2.2 2.1 2.4 2.0 2.0 - - - - 

lkb5 3.0 2.3 2.9 2.8 3.4 3.4 3.9 4.1 - - - 

lclo 2.7 2.7 2.6 2.8 3.2 3.2 3.5 4.1 2.1 - - 

ligf 3.0 2.7 2.7 3.1 3.5 2.9 3.4 3.8 2.3 2.1 

lrmf 2.9 3.1 3.2 2.6 2.2 2.8 2.7 2.3 4.9 4.8 5.0 - 

lbln 1.7 1.8 1.5 1.5 1.9 1.7 1.2 1.7 3.4 3.2 3.2 2.6 - 




Glu L2:C 



ikbS 



1igf 



Fig. 8. Ten-residue conformations. Top: the superimposed "typical" conformations 
of ldba, la4j and lfor; bottom left: lkb5; bottom right: ligf. 



Each of these three structures also form unusual salt-bridges with other 
CDRs, which could stabilize the structures. In lkb5, Arg H3:N + 1 interacts 
with Glu L2:C; a Glu at this position is unusual. In ligf, Asp H3:N + 3 interacts 
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Table 14 

Backbone, Global RMSD Between Kinked 11 -Residue H3 Loops 

la6v lfvc 2hlp lfrg ligc lmcp lfpt lncb laxs 12e8 lad9 lnqb 

la6v ______ __ _ __ 

lfvc 2.3----- -- - -- 

2hlp 2.6 2.1 -------- - 

lfrg 2.3 2.1 2.1 - - - - - - - - 

ligc 2.6 1.8 2.6 2.4 - - - - - - - 

lmcp 2.5 2.1 2.3 2.6 1.8 - - - - - - 

lfpt 2.2 3.0 3.0 1.8 3.7 3.7 - - - - - 

lncb 5.3 5.2 4.2 3.2 5.9 6.0 4.5 - - - - 

laxs 4.2 5.0 5.9 5.2 5.4 5.7 4.2 7.4 - - - 

12e8 3.0 3.2 2.3 4.5 3.8 3.6 2.4 3.3 5.9 

lad9 2.0 2.1 3.3 2.5 2.5 3.0 2.4 6.4 3.8 4.1 

lnqb 2.5 2.3 1.5 2.0 2.9 2.3 3.0 4.1 5.5 2.4 3.2 

lejo 3.0 2.3 2.3 1.6 3.1 3.1 1.3 4.6 4.6 2.6 3.1 2.0 



with Lys L2:N; this is the only instance in the 10-residue H3 loops where this 
combination is found. In lclo, Arg H3:N + 4 (unusual) interacts the Glu H2:C. 

c. Irregular Structures lnbv shares a broad similarity to the U-shaped 
class, but differs in conformation around Thr H3:C-5. This appears to be the 
result of Lys L2:N occupying a region of space slightly closer to the H3 loop 
than other examples with a Lys here, which was in turn a result of the apex of 
the LI loop (around residues L1:N + 8 to L1:N +11) occupying a slightly dif- 
ferent position than most members of LI canonical class 4. One further 
kinked structure (lrmf) does not fit well into either class, which is a result of 
the aromatic interaction formed by the Trp with the Tyr in H2 (see Subhead- 
ing 3.6.)- 

3.8.2.6. 11 -Residue Loops 

All known structures have a kinked C-terminal. As the RMSD values (Table 14) 
show, the 11 -residue loops do not usually show the same degree of conservation 
found in smaller loops, although one group of three with a well-defined 
sequence/structure relationship has been determined. This is described first. 

d. A Potential Canonical Class for Eleven-Residue H3s 

With the discovery of a new 11-residue H3 structure (lejo), a possible 
canonical-type structure can be defined. This is very similar (1.3-A RMSD) to 
another 11-residue H3 (lfpt), and both are moderately similar (1.8-A RMSD) 
to a third, lfrg. This compares to a typical RMSD of 2-2.5A among the more 
diffuse complete set of eleven-residue kinked H3 structures. 
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fejo, 1fpt 



2h1p 




Tyrl_2:N-1 



^%£ 



Gly 
H3:C-3 




1fvc 




H3:C-4 



Trp H3:N 



HisH1:C 




HisH1:C 



Fig. 9. Left: the defining interaction in the 11-residue H3 loops of lejo and lfpt 
compared to a structure which does not exhibit the interaction or conformation (2hlp); 
right: the defining interaction of the 1 1-residue H3 loops of lfvc and ligc. 

lejo RAFDSDVGFAS 
lfpt DFYDYDVGFDY 
lfrg RERYDEKGFAY 



Considering the sequences, both lejo and lfpt contain the motif VGF from 
residue H3:C-4 to residue H3:C-2. Examination of different 11-residue H3 struc- 
tures on Insight-II reveals that the residue H3 :C-4 normally points into the inte- 
rior, and the residue H3:C-3 (normally non-Gly, and often large) sticks upward 
(although it is still buried because of the loop apex). In lejo and lfpt, Val H3:C-4 
instead sticks upward, packing against the Tyr immediately before the L2, and 
occupying the space left by the presence of Gly, rather than a larger residue, at 
H3:C-3. This influences the loop conformation, particularly in this region (Fig. 9). 
In lfrg, there is a Lys rather than Val, but similar behavior is observed (if not 
exactly the same conformation because of the differing properties of Lys com- 
pared to Val). 
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Table 15 

Backbone, Global RMSD Between Kinked 12-Residue H3 Loops 





ligm 


lvge 


6fab 


liai 


ljrh 


losp 


Idee 


ligm 


— 


— 


— 


— 


— 


— 




lvge 


1.7 


- 


- 


- 


- 


- 




6fab 


4.9 


5.7 


- 


- 


- 


- 




liai 


5.8 


6.7 


1.7 


- 


- 


- 




ljrh 


4.6 


5.3 


2.1 


2.2 


- 


- 




losp 


2.5 


3.6 


3.5 


4.1 


3.0 


- 




Idee 


2.1 


2.9 


3.7 


4.4 


3.0 


1.6 




ldsf 


5.7 


6.1 


4.7 


4.3 


3.2 


6.5 


4.4 



3.8.2.7. Other 1 1 -Residue Kinked H3s 

Aside from the above, only three pairs (lfvc/ligc, ligc/lmcp, and 
2hlp/lnqb) have an RMSD from each other of less than 2 A, and then only just 
(except for the 1.5 A RMSD between 2hlp and lnqb). Most structures gener- 
ally occupy the same conformational space (2.6 A or less), although there are 
also some markedly irregular structures; laxs, lncb, and 12e8. 

One common interaction reveals itself. The low RMSD pair lfvc/ligc share 
similar sequences (WGGDGFYAMDY, WGNYPYAMDY) and form some 
common hydrophobic interactions not observed in other 11 -residue H3 loops 
(Fig. 9). Although the orientation of the ring differs somewhat, the unusual Trp 
at H3:N packs against a His at H1:C in both cases (His has moderate frequency 
of occurrence here), and also against a Tyr at H3:C-4. A further possible stabi- 
lizing interaction is between the Tyr at H3:N + 5 and the Tyr at L2:C-1. Tyr is 
fairly unusual at this L2 position. 

One structure, lhil, has a poorly defined kink. However, upon binding anti- 
gen, the true kink is formed, so the rules of Shirai et al. are not violated (28). 

3.8.2.8. Twelve-Residue Loops 

Like the 11 -residue H3s, the 12-residue kinked loops show more variation 
than those of shorter lengths (Table 15), although some common interactions 
and conformations in regions of the loop other than the kink have been observed. 

a. Common Conformations Examination on Insight-II has revealed that Idee, 
losp, and ligm all share a particular conformation of the N-terminal four residues 
(losp is shown in Fig. 10). Idee and losp are similar at the apex, whereas ligm 
differs. Although ligm and lvge exhibit differing N-terminal conformations, they 
share a similar conformation in the remainder of the loop from the apex to the C- 
terminal (ligm is shown in Fig. 10). 
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.H3:N+1 

H3:N+5 
L3:C-3 



Fig. 10. Left: an example (losp) of the common conformation and interaction of 
the N-terminal of the 12-residue H3s of losp, Idee, and ligm; right: an example 
(ligm) of the common conformation and interaction of the apex-to-C-terminal region 
of the 12-residue H3s of ligm and lvge. 



Idee VKFYDPTAPNDY 

losp SRDYYGSSGFAF 

ligm HRVSYVLTGFDS 

lvge DPYGGGKSEFDY 

Considering the sequences, Idee, losp, and ligm all contain an Arg or Lys at 
H3:N + 1. In all three cases, this interacts with a Glu or Gin at L2:C-1, and it is 
this interaction that defines the conformation of the N-terminal four residues. 
The interaction defining the common apex-to-kink conformation in ligm and 
lvge is more poorly defined. It is best seen in ligm, where the Val at H3:N + 5 
packs with hydrophobics at L3:C-3 and L3:C-1. The only other 12-residue H3 
structure with hydrophobics at both of these L3 positions is lvge, which has a 
Gly at H3:N + 5 rather than Val. Although the L3 residues appear to influence 
the backbone, this is rather speculative, and is limited to 12-residue H3s, as no 
other H3 length exhibits a conformation that is dependent on the L3:C-3 and C- 
1 residues. 

b. Other Structures Two more structures — 6fab and liai — form a "hairpin- 
like" U-shaped loop shape, although the similarity is not as strong as in the loop 
subregions of losp/ldee/ligm, and ligm/lvge, described here. Both of these 
have a Tyr at H3:C-4, which influences the conformation on steric grounds. At 
present, no other 12-residue kinked H3 structure has a Tyr or Phe here, so 
whether this is a canonical feature is uncertain. Another point of interest is that 
there are two structures that do not form the C-terminal expected by the 
kinked/extended rules, ljrh is predicted not to be kinked because the Arg at 
H3:N rather than H3:N-1 is predicted to form a salt-bridge with Asp H3:C-128. 
However, the Arg at H3:N instead hydrogen bonds with His H3:C-4, leaving Asp 
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H3:C-1 to bond with Arg H3:N-1 leading to a kinked conformation. This 
Arg/His interaction also occupies the space that a 6fab/liai-like conformation 
would occupy, forcing the bulge at H3:N + 2. By contrast, lap2 is predicted to be 
kinked by the Shirai rules, but forms an irregular C-terminus. This appears to be 
a result of the Arg H3:N-1 residue that forms a salt-bridge with Asp Hl:C-3 
instead of Asp H3:C-1 — the HI residue is, unusually, charged. Additionally, the 
H3 loop is in close contact with the H3 loop of the second molecule in the unit 
cell. Finally, lmpa is — as expected — extended, and ldsf is kinked but with a 
unique apex conformation arising from a salt-bridge between Asp H3:N + 5 and 
two Lys residues at Ll:N-4 and L2:N; the only instance of a 12-residue H3 with 
this combination. 

3.8.3. Longer Loops 

There is more chance of flexibility in solution in the center of the H3 for 
loops of lengths greater than 12, and none of the examples showed any similar- 
ity other than the kink, so they were not examined for contacts. 

4. Conclusions 

4. 1. Canonical Reclassification 

Observations have shown that, by making conserved expansions of the 
range of allowed residues for canonical conformations, the vast majority of 
structures can be brought into the canonical classes, leading to accurate mod- 
els for CDRs LI to H2 in the majority of structures. With an increased num- 
ber of structures in the PDB, some new canonical classes were also defined. 
Explanations for the few exceptions — usually the result of differing 
sequence or unusual residues in the other CDRs — have been postulated. A 
small number of structures show the canonical conformation, yet exhibit 
non-conserved residues in the key positions. Therefore, it may be that only 
one of the range of interactions which hold a conformation together is 
required. However, because of the dangers of allowing non-canonical struc- 
tures to be classified as canonical, these non-conserved mutations were not 
brought into the range of allowed residues, unless two or more observations 
of them have been documented. 

4.2. Conserved Side Chain Conformations 

The results indicated here have shown that for certain residue positions and 
residue types, there is conservation in chi-1 angles for both canonical loops and 
the kink region of CDR-H3. This information could be used to improve anti- 
body modeling — the accuracy of the side chains at those positions will be 
improved, and, as a result, any backbones subsequently built will be less prone 
to error because of the elimination of clashes with incorrect side chains. 
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4.3. H3 Structural Investigations 

A set of rules for the conformation of five-residue H3s, which works in all 
but one of nine structures examined, has been drawn up. These loops are too 
small to form well-defined "kinked" or "extended" structural features, yet all 
but one show the interactions that define the "kinked" structure (28). The struc- 
tures are subdivided by further electrostatic or hydrogen-bonding interactions. 

For H3 lengths 7-10, the "kinked" H3 loops by default appear to have a 
preference for a U-shaped hairpin-like loop, with exceptions being caused by 
specific interactions or steric effects caused by unusual residue types. In par- 
ticular, there is support for the effect of Gly at the N-terminal (34) in produc- 
ing a "weak" kink, but only for eight- and nine-residue H3s. A preference for 
hairpin-like loops was described by Shirai et al.; they suggested that aromat- 
ics at certain loop positions (H3:N + 2 and H3:C-3) sharpened the hairpin def- 
inition. However, no correlation with aromatics at those positions could be 
found in the current investigation, and, indeed, in contrast to the results of 
Chothia and Lesk (12), no sequence determinants could be found for these 
semi-conserved (RMSD between examples typically between 0.5 and 2.0 A) 
structures. Thus, the rule appears to be "default U-shaped loop, unless there 
are unusual interactions or steric effects." Once more structures become avail- 
able, other examples of the unusual structures for each length may be found 
that will define canonical classes, but as yet, there is not enough information 
here to be used in an improved modeling algorithm. 

The 1 1 -residue loops generally vary in conformation so that only broad clas- 
sifications can be made, although one very distinct group and one less distinct 
pair of common structures do emerge. The 12-residue loops are also variable, 
although two possible rules for sections of the N-terminal and apex have been 
determined. 

4.4. Postscript: Recent H3 Loops 

Since the above analysis was carried out, the structures of a number of 
kinked CDR-H3 loops of lengths 8-12 (2pcp[8], lc5d[9], lct8[9], lsbs[12], 
lcel[10], ldlf[10], and la31[10]) have been described. These are all outlying 
structures from the main group for the corresponding length, although for most 
of the 8-10-residue examples, any large differences are restricted to the apex of 
the CDR. As with the outliers discussed here, most of the differences result 
from interactions caused by unusual residues, either within the H3 loop itself or 
within an adjacent CDR. For example, in ldlf, the presence of Pro residues 
may be responsible for the perturbations observed. Since the conformations 
and the interactions are not the same as the other outliers previously described 
for this length class, they are not discussed in detail here; however, they rein- 
force the conclusions reached is this section. 



86 Whitelegg and Rees 

5. A Practical Case Study Using WAM 

A worked example of a typical WAM modeling run is presented in the fol- 
lowing. The following sequence (CDRs in bold) is aligned (see http://anti- 
body.bath.ac.uk/) and entered into the interactive online interface. 

v L dvvmtqiplslpvnlgdqasiscrasqsisnn 

LNWYLQKPGQSPKLLMYYATSLADGVPDRF 
SGSGTDFTLKISRVEAEDLGIYFCQHFWSTPK 
TFGGGTKLEIKRA 
V H RVQLLESGAELMKPGASVQISCKATFEFAKY 

WMSWVKERPGHGLEWIGYIANAGGSTYYR 
EKFKGKATFTRDTSSNTAYMQLSSLTSEDSA 
VYYCTRSGNYAMDYWGQGTSVTVS 

5. 1. Framework and Canonicals 

The first stage is to determine: 

1. the most sequence-homologous framework for each of the light and heavy chains; 

2. the canonical class of each loop; 

3. the most sequence-homologous database loop of that class. 

For the example here, the most homologous light-chain framework is ldba, 
and for the heavy chain it is legs. 

The canonical structures are as follows: 



CDR 


Sequence* 


Structure used b 


Class 


c (or H3 type) 


LI 


RASQSISN NLN 


lmlb (RASQSISN.... NLH) 




2 


L2 


YATSLAD 


lfgn (YATSLAD) 




1 


L3 


QHFWS. .TPKT 


lvfa (QHFWS. TPRT) 




1 


HI 


GFEFAK. .YWMS 


2fbj (GFDFSK. YWMS) 




1 


H2 


YIANAGG .STY 


ligt (YISNGGG. .STY) 




3 


H3 


(R)SGNYA MDY 


- 




Kinked 



a For H3, the residue immediately preceding the CDR (R) is also shown, since it determines 
the presence of the kink. 

b Most sequence-homologous member of the appropriate class. Side chain positions with con- 
served chi-1 values between individual members of the class are highlighted. 

c According to Chothia and Lesk (12), and subsequent publications by Chothia and colleagues. 

Thus, the light-chain framework is built using that of ldba, re-sequencing 
residues using maximum-overlap if necessary; and the heavy-chain framework 
is built using that of legs. The two chains are combined into a single model by 
fitting on an average beta-barrel generated from the known Fv structures. The 
frameworks of loops LI to H2 are deleted and rebuilt using the canonicals from 
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lmlb, lfgn, 2fbj, ligm, and ligt, respectively. Finally, the conformationally 
conserved canonical side chains, described elsewhere is this chapter, are built 
using maximum-overlap re-sequencing. 

5.2. The H3 Loop: Construction 

The eight-residue H3 loop in this instance is preceded by Arg, and features 
Asp at the residue preceding the C-terminal, specifying a kinked conformation 
(31). Therefore, CAMAL (the combined database/conformational search 
method, described in ref. 33) is used — in this instance with C-alpha to C-alpha 
distance constraints derived from kinked H3 structures only. For this example, 
the database search generated 40 hits, and after rebuilding the apex using CON- 
GEN, a total of 8,400 conformations were produced. On clustering, this was 
reduced to 69. 

5.3. The H3 Loop: Final Screen 

This is an eight-residue kinked CDR, and therefore, the RMSD screen is 
the method of choice because it is a relatively short loop and the known struc- 
tures have a well-defined profile. Since side chains are required to be in place 
for this screen, side chains must be built on all the clustered conformations. 
As CONGEN is a quicker method than dead-end elimination, this is the 
default algorithm here, although the user may alter this if it is decided that a 
slight time penalty can be taken in order to achieve a somewhat more theoret- 
ically sound model. (Note that if the RMSD screen was used, the screening 
requires only the backbone conformation, and therefore only the final back- 
bone, selected by the screen, would require side chain construction. Therefore 
dead-end elimination would be the default method). All non-conserved side 
chains (H3 and canonical CDRs) are built simultaneously using CONGEN, 
which iteratively places side chains at each residue until an acceptable global 
minimum is reached according to energy convergence. After side chain con- 
struction, each conformation is energy-minimized [by steepest descent, using 
the Valence Force Field (VFF)] to relieve steric clashes, and the accessibility 
screen performed on each model to select the final conformation, which is 
that most closely matching the typical accessibility profile of eight-residue 
kinked H3s. 

The final model is then made available as a PDB file for visualization by any 
standard graphics software package. 

6. Appendix: CDR and Residue Naming Conventions 
6. 1. CDR Definitions 

The definitions of the CDRs used here are those formerly used by this group 
(7,8,11,33,35). 
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6.1.1. L1 

The LI loop is defined to start at the residue immediately after the first con- 
served cysteine of the light chain, and finish at the residue immediately before 
the conserved tryptophan beyond. 

6. 1.2. L2 

The L2 loop is defined to start 15 residues beyond the conserved tryptophan 
mentioned here, and finish 32 residues before the conserved cysteine men- 
tioned here. 

6. 1.3. L3 

The L3 loop is defined to start at the residue immediately after the second 
conserved cysteine of the light chain, and finish at the residue immediately 
before the conserved FG pair beyond. 

6.1.4. H1 

The HI loop is defined to start four residues after the first conserved cysteine 
of the heavy chain, and finish at the residue immediately before the conserved 
tryptophan residue beyond. 

6. 1.5. H2 

The H2 loop is defined to start 15 residues beyond the conserved tryptophan 
mentioned here, and finish 37 residues before the conserved cysteine men- 
tioned here. 

6.1.6. H3 

The H3 loop is defined to start three residues beyond the second conserved 
cysteine of the heavy chain, and finish at the residue immediately before the 
conserved WG pair beyond. 

6.2. Residue Naming 

In order to provide a unified, unambiguous nomenclature for loop residues, a 
special convention has been used here. The general form is: 

LL:T+x 

where LL represents the loop name (e.g., LI or H3) or the chain identity (L or 
H); T represents the terminal (N or C); and x the displacement from the given 
terminal. Thus, L1:N + 1 represents the residue following the LI N-terminal 
residue; L3:C-1 represents the residue preceding the L3 C-terminal residue, 
H3:N-1 represents the framework residue preceding the H3 C-terminal and 
L:N + 1 represents the residue following the light-chain N-terminal. 
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Studying Antibody Conformations 

by Ultracentrifugation and Hydrodynamic Modeling 

Stephen E. Harding, Emma Longman, Beatriz Carrasco, 
Alvaro Ortega, and Jose Garcia de la Torre 

1. Introduction 

Intact immunologically active antibodies are too large for high-resolution 
structural analysis by nuclear magnetic resonance (NMR) spectroscopy. The 
flexibility between the Fab and Fc domains at the hinge region also makes 
structure determination by X-ray crystallography generally difficult, except for 
a limited number of cases (antibodies that possess short hinge regions, hinge- 
deleted mutants, or those stabilized by complexation with antigen). Hydrody- 
namic methods — such as measurement of the translational frictional ratio by 
ultracentrifugation or dynamic light scattering — have no such limitations. 
However, two caveats exist. First, the structures obtained are only low-resolu- 
tion models. Second, hydrodynamic parameters, such as the frictional ratio, are 
often at least as sensitive to the volume of the particle as to conformation. This 
is tricky, since this volume includes a significant contribution from any solvent 
associated with the antibody; and this "solvation" or "hydration" is a complex 
dynamic process. Nonetheless, if the hydration problem can be adequately 
dealt with, useful information about domain orientation can be obtained, and in 
particular how orientations differ between different antibody classes and sub- 
classes, and between wild-type and mutant or engineered structures. This 
information may ultimately assist with strategies for antibody engineering, 
particularly if we can understand which sequences are responsible for "com- 
pact" as opposed to open structures. Domain orientation and flexibility are inti- 
mately linked with an antibody's ability to crosslink antigen and bind to the 
effector system, and are also related to its stability (7). 

By combining the measured frictional ratio data (from measurements of 
sedimentation or diffusion behavior) of the individual domains and of the 

From: Methods in Molecular Biology, Vol. 248: Antibody Engineering: Methods and Protocols 
Edited by: B. K. C. Lo © Humana Press Inc., Totowa, NJ 

93 



94 



Harding et al. 



Fab 




C,2 



Fig. 1. The cusp-shape conformation of IgE was first discovered using hydrody- 
namic methods in 1990 (from ref. 3). 



intact antibody, with information calculated from the known crystallographic 
structures of the domains, the possible conformations — in terms of the domain 
orientation — of intact antibody molecules can be given, without ambiguities 
through hydration. This combination of hydrodynamics and crystallography 
was introduced recently as "crystallohydrodynamics" (2). An earlier form of 
this approach was reported in 1990 with the first demonstration that the anti- 
body IgE was cusp-shaped in solution (3) (Fig. 1). 

Essentially, the time-averaged apparent hydration (expressed as the amount of 
water associated with the protein on a mass/mass basis) is dealt with by compar- 
ing hydrodynamic properties with the crystal structures of those antibody forms 
with crystal structures that are known. This can then be used to represent the 
hydration of other structures with conformations that are being sought. In the 
case of ref. 2 "those antibody forms" were the known structures of the Fab' and 
Fc domains of IgG. In the case of the earlier ref. 3, "those antibody forms" were 
the hingeless mutant antibody IgGMcg, one of the few intact (although not 
immunologically active) antibodies with structures that have been solved. 

This chapter focuses on the measurement and use of the translational fric- 
tional ratio for representing the conformation of antibodies and other multi- 
domain structures in solution, in terms of the low-resolution orientation of the 
domains. 

1. 1. The Sedimentation Coefficient, Frictional Ratio, 
and the Perrin "Frictional Ratio due to Shape" 

1. In simple terms of boundary sedimentation, the sedimentation coefficient, s, (sec- 
ond, or Svedberg units, S, in which 1 S = 10" 13 s) of a macromolecule is defined as 
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the velocity of sedimentation, v (cm/s), of a macromolecule per unit centrifugal 
field (cm/s 2 ): 

s = v/co 2 r (1) 

where co is the angular velocity (=2rc.rpm/60) in rads/s and r (cm) is the radial posi- 
tion of the sedimenting boundary. NB: The full description of the change in con- 
centration with time and radius across the centrifugal cell is given by a much more 
complicated differential relation known as the Lamm equation, which also takes 
into account boundary spreading caused by diffusion (see ref. 4). The Lamm equa- 
tion forms the basis of modern software considered here. 

2. The Svedberg unit, S, is often used instead of seconds: IS = 10" 13 s. Increase in mol 
wt tends to increase s. Increase in asymmetry or hydration tends to decrease s. 

3. The sedimentation coefficient of a macromolecule measured in an arbitrary buffer 
solution or solvent will depend on the intrinsic properties of the macromolecule as 
well as on the viscosity and density of the solution it is sedimenting through. We 
therefore normalize to standard solvent conditions — namely, the density and vis- 
cosity of water at 20.0°C (see ref. 4): 

S20,w = {(1 - V • p20,wV(l - V • p T ,b)} ' {T|T,b/r|20,w} ^T,b (2) 

where Sj,b is the measured sedimentation coefficient in the buffer and at the tem- 
perature used; S2o, w is the corresponding corrected value at 20.0°C in water; px,b 
and r)x,b are the densities and viscosities of the buffer; P20,w ar) d Tteo.w are tne corre_ 
sponding values at 20.0°C in water; v is the partial specific volume, which can be 
reasonably estimated from the amino acid and carbohydrate content: the program 
SEDNTERP will do this (see Subheading 1.2.3.). 

4. The sedimentation coefficient is corrected for non-ideality effects by extrapolation 
to zero concentration to give i°2o,w according to the relation: 

■J20,w = s o 20,w(l-k s c) (3) 

where k s is known as the concentration dependence parameter or the Gralen coeffi- 
cient (mL/g). 

5. S20,w depends not only on the conformation but the mol wt and (hydrated) volume 
of the macromolecule. We need a parameter that can be explicitly given in terms 
of conformation alone. The first step is to combine sedimentation coefficient 
with the mol wt to give the translational frictional ratio (f/f ) (the ratio of the 
frictional coefficient of the macromolecule to a spherical particle of the same 
mass and hydrated volume): 

(f/fo) = M(l - v • P2o,w)/[N A 67n-| 2() , w s°2o,w {(3v • M)/(47tN A )} 1/3 ] (4) 

where M is the mol wt (g/mol) and Na is Avogadro's number (6.02 x 10 23 mol -1 ). 

6. The final step is to define a "frictional ratio due to shape" or "Perrin function" P, by 
combining the frictional ratio with the hydrated volume of the macromolecule 
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/ 5 = (/%)-{l+(5app/v- P 20,w))- 1/3 (5) 

where 5 app is the apparent hydration. As stated in the previous section, hydration is 
a complicated, dynamic process. For the purpose of hydrodynamic modeling repre- 
sents a time-average, and 5 app represents an "apparent" hydration because it con- 
siders other non-shape contributions toward the frictional ratio. 
7. The P value obtained from experimental data in this way can then be compared 
with the P values computed from models of the antibody shape — using, for exam- 
ple, the computer program SOLPRO as described under Subheading 1.2.3. 

1.2. Choice of Modeling Methods: Ellipsoids, Beads, and Shells 

1.2. 1. Ellipsoids 

The simplest representation of the shapes of proteins in solution is as an 
ellipsoidal shell (Fig. 2). An ellipsoid is a symmetric structure, and there are 
three types. There is the general "tri-axial" ellipsoid with three unequal axes, 
a>b>c, with a,b,c the semi-axial dimensions. Its shape is specified by two 
axial ratios (a/b, b/c). The general triaxial ellipsoid is symmetric about the 
center. 

There are two simpler ellipsoids that are symmetric about an axis: as in the 
situation when two of the three axes are forced to be equal. The prolate ellip- 
soid has a > b = c — e.g., it has two equal shorter axes and one longer axis, and 
its shape is specified by the axial ratio a/b. The oblate ellipsoid has a = c > b, 
and its shape is also specified by a single axial ratio a/b. The prolate ellipsoid 
resembles a rugby ball, whereas the oblate ellipsoid resembles a "smartie" or 
an "M&M" shape. In the limit a = b = c, the shape is a sphere. The advantage 
of ellipsoids is that their hydrodynamic properties can be calculated exactly 
(5); the disadvantage is that they can only be applied directly to reasonably 
symmetrical structures. In fact, antibody Fab domains approximate a prolate 
ellipsoid and Fc domains approximate an oblate ellipsoid. However, intact 
immunologically active antibodies are not symmetric, and cannot be repre- 
sented by a single ellipsoid structure. Unfortunately, the hydrodynamic prop- 
erties of three ellipsoids joined together cannot be calculated. Fortunately, 
however, the hydrodynamic properties of arrays of spheres can be calculated 
to a high degree of accuracy. 

1.2.2. Beads and Shells 

The hydrodynamic and other solution properties of macromolecules or par- 
ticles arbitrary shapes can be calculated using a methodology that is known as 
bead modeling (see, for example, ref. 6). This approach has two variants (2). 
One of them is bead modeling in a strict sense, in which the particle is repre- 
sented as an assembly of spherical elements of arbitrary shape, with the only 
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Fig. 2. Ellipsoids: general tri-axial (three unequal axes), prolate (two equal short 
axes and one longer axis), oblate (two equal longer axes and one shorter axis). A Fab 
domain can be approximated by a prolate ellipsoid, an Fc domain by an oblate. In the 
extremes a»b (not antibodies), a prolate approaches a rod, an oblate approaches a 
disk. 



condition that the overall size and shape of the particle must be as close as pos- 
sible to that of the particle. The other variant is shell modeling, in which the 
surface of the particle is represented by a shell of small elements 
("minibeads"); the results are extrapolated to a zero minibead radius. This pro- 
cedure is slightly more computing-intensive than bead modeling, but it is 
hydrodynamically more rigorous and avoids problems (such as bead overlap- 
ping) that had usually plagued the use of the first method. Figs. 3-6 have been 
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Fig. 3. Schematic representation of (A) a bead model in a strict sense and (B) a shell 
model. 




Fig. 4. A bead model for the human antibody molecule IgG3. 



included to illustrate both conventional bead and bead-shell models for various 
proteins (and a glycoprotein in the case of IgG3). 

1.2.3. Bead and Shell Modeling Software 

We now describe the basic aspects of those programs that can be most useful 
for hydrodynamic modeling of antibodies and related molecules (7-13). See 
Note 1 for details of how to access the software described. 
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Fig. 5. Left: A primary bead model of lysozyme, showing bead overlap. Right: A 
shell model, produced by HYDROPRO. 




Fig. 6. A shell model for an IgG3 molecule, generated with HYDROSUB showing 
the two prolate Fab domains, the oblate Fc subunit and the long (nearly rodlike) hinge. 
The molecule is the same as that in Fig. 4: note the difference between a bead model 
and a shell model. 



1. HYDRO is a program for the calculation of hydrodynamic coefficients and other 
solution properties of rigid macromolecules, colloidal particles, etc., that employs 
bead models in the strict sense, as mentioned previously. The user of HYDRO has 
to first build the bead model, which will be specified as a list of Cartesian coordi- 
nates and radii of the beads. An example of a bead model (for rat IgE) has already 
been given, in Fig. 1. Another (for human IgG3) is given in Fig. 4. 
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2. HYDROPRO computes the hydrodynamic properties of rigid macromolecules 
(e.g., globular proteins and small nucleic acids) from their atomic-level structure, 
as specified by the atomic coordinates taken from a Protein Data Bank (PDB) file 
supplied by the user, from which the proper hydrodynamic model is built by the 
program itself. This program employs the shell-modeling method. In the primary 
hydrodynamic model, each non-hydrogen atom is represented by a sphere of radius 
approx 3 A. In order to avoid the inconveniences associated with bead overlapping, 
this model is replaced by a shell model, in which small "minibeads" are placed at 
the surface of the primary hydrodynamic model. HYDROPRO calculates the basic 
hydrodynamic properties: translational diffusion coefficient, sedimentation coeffi- 
cient, intrinsic viscosity, and relaxation times, along with the radius of gyration. 
Optionally, HYDROPRO computes also other solution properties such as the co- 
volume (related to the second virial coefficient) and scattering related properties 
such as the angular dependence of scattering intensities and the distribution of 
intramolecular distances. 

3. HYDROSUB is intended for the calculation of solution properties of a macromole- 
cular or supramolecular structure modeled as an assembly of subunits that have 
ellipsoidal (prolate, spherical, or oblate) and/or cylindrical shapes. The subunits are 
represented using a variation of the bead-shell method, which is particularly suit- 
able for axially symmetric structures. The program builds the shell model, stacking 
rings of tangential minibeads. The radius of the rings is fixed for cylinders and 
decreases from the equator to the poles in the case of ellipsoids. This is done inter- 
nally by the program; the user just has to specify, for each subunit, the coordinates 
of their centers and the polar angles of their symmetry axis. 

4. SOLPRO. The results from HYDRO, HYDROPRO, and HYDROSUB are the pri- 
mary solution properties: e.g., hydrodynamic coefficients, radius of gyration, and 
co-volume. SOLPRO (11,12) is an ancillary program, whose input is one of the 
output files produced by HYDRO, HYDROPRO, or HYDROSUB. This program 
takes the values of the solution properties and combines them to obtain a number of 
size-independent shape quantities such as the P function defined in Equation 5. 
The user should use this program according to the supplied instructions. 

5. SEDNTERP This is a general support program for researchers using analytical 
ultracentrifugation, which provides a very convenient interface for calculating 
buffer densities, viscosities from buffer/colvent composition data. It will also esti- 
mate macromolecular partial specific volumes — and in the case of proteins, extinc- 
tion coefficients, the isoelectric pH and the valency on a protein for a given pH, all 
from chemical composition data. 

1.3. Workflow Summary of Hydrodynamic Modeling 

1. Measure the sedimentation coefficient, and check to determine whether it has been 
affected by aggregation (boundary shape, is the mol wt consistent with the value 
from the sequence?). 

2. Calculate the experimental frictional ratio from the sedimentation coefficient and 
(sequence) mol wt. 
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3. Calculate the experimental Perrin function P from the frictional ratio and the 
appropriate estimate for the (time-averaged) hydration. 

4. Construct candidate models using HYDROSUB or HYDRORO and calculate their 
P values using SOLPRO. 

2. Materials 

2. 1. Analytical Ultracentrif ligation 

1. Beckman XL-I or XL-A ultracentrifuge. 

2. Optical system: Ultraviolet (UV) absorption optics at 280 nm. 

3. Rotor (conventionally a four-hole or eight-hole) for Beckman XL-I or XL-A ana- 
lytical ultracentrifuge. 

4. Ultracentrifuge cells: double sector. Multichannel may be used for sedimentation 
equilibrium, but not velocity. 

5. Solvent: choose as appropriate. To keep problems of hydrodynamic or thermody- 
namic non-ideality to a minimum (by minimizing polyelectrolyte or charge 
effects), we suggest a minimum ionic strength of 0.1 M. 

6. Sample requirements: 

a. Sedimentation velocity: at least four concentrations in the range 0.2-1.0 mg/mL 
(0.3-0.4 mL each), unless reversible self-association phenomena (see Note 2) 
are present and need to be probed, in which case a wider concentration range 
may be appropriate. 

b. Sedimentation equilibrium: one concentration should suffice, at -0.4 mg/mL 
(0.2 mL), unless, there is a complication through self-association phenomena 
(see Note 2). 

2.2. Computer 

The hydrodynamic modeling programs run on a variety of platforms, includ- 
ing Microsoft DOS/Windows and Linux for PCs. Thus, the computational 
work can be carried out on inexpensive personal computers. With fast Pentium 
or AMD PC processors, the calculations run with a speed similar to that of 
more expensive machines. We recommend the use of a PC with the second- or 
third- fast Pentium processor (which optimize the performance/cost ratio), and 
a moderate amount of fast memory. At the time of writing this chapter, we are 
using a DELL Dimension 8200, but any computer with the following require- 
ments should be adequate: 

1. Pentium IV 2 GHz (is not the fastest Pentium, but the performance/cost ratio is 
rather good). 

2. Memory: RDRAM is recommended. This is not common, but is very good for the 
matrix calculations that are within the HYDRO programs. An alternative is "DDR" 
memory. Although 256 Mb is usually sufficient, we advise 512 Mb. 

3. A medium-range graphics card. 
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3. Methods 

3. 1. Experimental Methods 

3. 1. 1. Sedimentation Velocity in the Analytical Ultracentrifuge 

This is used to provide a check on the homogeneity and monomeric state of 
the antibody. It involves placing the solution and a reference solvent in a special- 
ized ultracentrifuge cell that has end windows transparent to visible and UV 
light. An optical system (either UV-absorption- or refratometric -based) can be 
used to record the distribution of solute concentration as a function of radial 
position and time. The balanced cell is placed in a special rotor. Sedimentation 
velocity speeds typically range from 30,000-50,000 rpm, depending on the size 
and shape of the macromolecular system being analyzed. The primary parameter 
that results from a sedimentation velocity experiment is the sedimentation coef- 
ficient. After consulting the manufacturer's operation instructions and guide- 
lines, for measurements on antibodies we suggest the following protocol: 

1. Select a rotor speed of -50,000 rev/min (Note: With analytical ultracentrifugation, 
researchers almost always refer to rotor settings in terms of revolutions per min 
rather than the equivalent g-force. This does not create any ambiguities, because at 
the time of writing there is only one commercial manufacturer, and all rotors are of 
standard size (just differing in the numbers of holes for cells). 

2. Choose a temperature: 20.0°C is normally used, unless reproducibility of physiolog- 
ical conditions is necessary or there are particular temperature effects on conforma- 
tion or stability you wish to probe. If the antibody is relatively fragile, choose 4°C. 

3. An experimental run lasts for approx 3^4 h. This should allow the protein to sedi- 
ment through most of the cell. 

4. Choose the appropriate software for analysis. We recommend one of the three 
packages: DCDT+ (14), SVEDBERG (15), or SEDFIT (4). All three are down- 
loadable from the internet (see Note 1 and ref. 16), SEDFIT is free, whereas 
DCDT+ and SVEDBERG require a nominal charge. All three come with compre- 
hensive instructions and help files. They all follow the change in the whole concen- 
tration vs radial position with time (old methods used to follow just the 
sedimenting boundary), which facilitates extraction of the sedimentation coeffi- 
cient to a high degree of precision. 

5. Check the homogeneity (Fig. 7A): there should only be one (macromolecular) 
component. If there are multiple components present, select the component which 
corresponds to the monomeric antibody: you may wish to consult a hydrodynamics 
expert (see Note 3). 

6. Extract the sedimentation coefficient S20,w- The subscripts 20, w, refer to corrected 
values in "standard solvent conditions," namely the viscosity and density of water 
at 20°C. The most recent versions of the three packages DCDT+, SVEDBERG, 
and SEDFIT provide that correction for you: the packages ask you for the 
buffer/solvent details you used in your experiment, and the partial specific volume. 
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If you don't know the latter, then take the uncorrected sedimentation coefficient 
from these programs and then use the program SEDNTERP (ref. 16,17; see Note 
1) to correct it — you need to enter the PDB data file for the protein and it will eval- 
uate the partial specific volume from the amino acid (and carbohydrate) content. 
You can then enter the buffer details and ,?2o,w W11 l then be calculated. 

7. Extrapolate 5 2 o,w to zero concentration, (Fig. 7B), to give s° 2 o jW . 

8. Also extract the translational diffusion coefficient Z)2o, w (cm 2 /s): the software pack- 
ages referred to here also estimate this for you, from the rate of boundary spread- 
ing, and extrapolate this to zero concentration. Extrapolate £>20,w to zero 
concentration to give Z)°2o, w (Fig- 7C). 

9. From i ,0 2o,w and £>°2o,w calculate the mol wt from the Svedberg equation. 

M w = {S°20,w/£>20,w} • {R77(l- V • p 20 ,w)} (6) 

where R is the gas constant. Check that this is within experimental error (+/- 5%) 
of the mol wt for the monomeric antibody from its sequence. If this is confirmed by 
further checks from sedimentation equilibrium studies (Subheading 3.1.2.), you 
can then proceed with some confidence using the i°2o,w an d the sequence mol wt 
for modeling. 

3. 1.2. Sedimentation Equilibrium in the Analytical Ultracentrifuge 

This is used to provide a further check on the mol wt of the antibody. Lower 
speeds are chosen compared with sedimentation velocity. At these lower 
speeds, the effects of sedimentation are matched by the effects of diffusion, and 
instead of a boundary forming, an equilibrium distribution of solute is obtained 
in the ultracentrifuge cell, with a lower concentration at the air/solution inter- 
face and a higher concentration at the base of the cell. Because the system is at 
equilibrium, shape or frictional effects do not affect the distribution, which is 
entirely dependent on molecular mass (provided that non-ideality effects are 
allowed for). After consulting the manufacturer's operation instructions and 
guidelines for measurements on antibodies, we suggest the following protocol: 

1. Select a rotor speed of -10,000 rev/min and the same solvent and temperature con- 
ditions as described in Subheading 3.1.1. 

2. Choose a temperature: 20.0°C is normally used, unless reproducibility of physio- 
logical conditions is necessary or there are particular temperature effects on con- 
formation or stability you wish to probe. If the antibody is relatively fragile, choose 
4°C. 

3. An experimental run lasts at least overnight. This is because of the long period 
required for sedimentation and diffusive processes to reach equilibrium. 

4. Choose the appropriate software for analysis. We recommend the package 
MSTARA (18), which gives the mol-wt average for all the macromolecular compo- 
nents across the entire radial range in the cell, not just a selected region (Fig. 7D). 
This is also downloadable from the web (16) (see Note 1) and is free. If the value 
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Fig. 7. Sedimentation analysis of IgGFab'. (A) Sedimentation velocity DCDT+ plot 
for IgGFab' at a loading concentration of 1.10 mg/mL. Rotor speed = 49,000 rpm, tem- 
perature = 20.0°C. g(s*) is the apparent (e.g., not corrected for diffusion or non-ideal- 
ity) distribution of sedimentation coefficients. The shape of the peak gives information 
of homogeneity (this sample is monodisperse). The center of the peak gives ST,t>; me 
width, for a monodisperse peak, gives D^b- (B) Gralen plot to obtain s°2o, w - The line fit- 
ted is to Equation 3. (C) Plot of D2o, w vs c to obtain D°2o, w - (D) Extraction of M from 
sedimentation equilibrium using MSTAR analysis. M* is an operational point average 
mol wt whose value extrapolated to the bottom (i;=l) of the ultracentrifuge = the 
weight average mol wt of all the macromolecular components in the centrifuge cell M. 
i; is simply a normalized radial displacement squared parameter = (r 2 -a 2 )/(b 2 -a 2 ), with 
r=radial distance from the rotor center, and a,b are the corresponding distances of the 
air/solution meniscus and the cell bottom, respectively. 



for M (a weight average) is also within experimental error of the mol wt of the 
monomeric antibody from its sequence, you can use with complete confidence the 
s°2o, w an d the sequence mol wt for modeling. 

3. 1.3. Calculation of the Frictional Ratio and the "Frictional Ratio 
due to Shape" 

1. Obtain the sedimentation coefficient s°2o, w for your antibody from the analytical 
ultracentrifuge as described in Subheading 3.1.1. 

2. Obtain the sequence mol wt, M. 

3. Use s, M, and the partial specific volume (v) to calculate the frictional ratio f/f of 
the antibody according to Equation 4. In that formula, the value you use for the 
density and viscosity of solvent should be that of water at 20°C, since you have cor- 
rected your sedimentation coefficient to s°2o, w . The program ELLIPS_PRIME (20) 
(see Note 1) can perform this calculation for you. 

4. f/f cannot be used directly to model the shape, since it also depends also on the vol- 
ume of the macromolecule: this volume has to take into account "swelling" through 
association of water/solvent with the protein. Although this association is a compli- 
cated dynamic process, for the purpose of overall shape modeling, a time-averaged 
"hydration" value, 8 will suffice (Subheading 3.2.1.). Then, the "frictional ratio 
due to shape," P can be estimated (Equation 5), and compared with values com- 
puted from the shape models using HYDROSUB and SOLPRO as described in the 
following section. 

3.2. Modeling Methods 

3.2. 1. h-Value 

1. Taking a so-called average protein value of 0.3-0.4 is inadequate for antibodies, 
primarily because they are glycoproteins and sugar residues show a higher affinity 
for water association than amino acid residues do. 
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2. 8 can be estimated from hydrodynamic data, providing that the crystal structures of 
the Fab (or Fab') and Fc domains are also known (this is the case for human IgG 
and IgE). This procedure involves taking the crystal structure for the domains and 
obtaining the corresponding value of P using bead modeling. Then, this is com- 
pared with the experimental value for f/f for the domains (from the sedimentation 
coefficient and mol wt), and 5 can be obtained. An average 5 for the intact antibody 
can then be estimated from a simple average: 

5a PP = { 2 x 5 app (Fab') + 1 x 5 app (Fc) }/3 (7) 

where 5 app means "apparent" hydration in the sense it takes into account other non- 
shape contributions towards the frictional ratio. For human IgG a value of -0.59 
has been obtained (12). 

3.2.2. Surface Shell Representation of the Fab and Fc Domains 
and Hinge: HYDROSUB and SOLPRO 

P values for domain orientations of the Fabs and Fc in an antibody (taking 
into account the hinge) can be calculated using the program HYDROSUB with 
SOLPRO. However, before this can be done, a way of specifying i) the shapes 
of the domains; ii) relative length of any hinge; and iii) the positions of the 
domains relative to each other needs to be achieved. This may be the most labo- 
rious part of the modeling procedure. 

1. The Protein Data Bank (PDB) file is taken for the domains and a surface ellipsoid 
is fitted using the program ELLIPSE used by X-ray crystallographers (21). This 
provides the shape of the ellipsoid in terms of the two axial ratios a/b, b/c (Fig. 8). 

2. Conveniently, the crystal structure of Fab approximates well to a "prolate" ellipsoid 
(two equal shorter axes, and one longer axis), and the Fc domain approximates an 
oblate ellipsoid (two equal long axes, and one shorter axis) as described in Sub- 
heading 1.1. and illustrated in Fig. 2. 

3. The equivalent axial ratio (a/b) is then given for the Fab and Fc domains (in terms 
of a prolate and oblate ellipsoid, respectively) (Fig. 9). 

4. Once the axial ratios are known, in preparation for piecing together the domains, we 
need to know the individual values of a and b for each domain: this can be done by 
expanding the ellipsoid fit to the surface of the crystal structures during the applica- 
tion of the ELLIPSE routine. A surface bead model to each ellipsoid domain is then 
generated using HYDROSUB. We are now ready to piece the molecule together. 

3.2.3. Piecing the Molecule Together to Calculate P for the Intact 
Antibody (see Notes 3-6) 

1. To generate the shell model for the pieced together antibody the user just has to 
specify, for the two Fabs and the Fc, the relative coordinates of their centers and the 
angles that define the orientation of the symmetry axis (Fig. 10), together, when 
appropriate, with the relative length of the hinge. 
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Fig. 8. General triaxial shape fits to the surface of the crystal structures of (A) 
IgGFab' and (B) IgGFc using the ELLIPSE algorithm (21). Instructions for fitting an 
ellipsoidal surface to the crystal structure of an antibody domain can be found in ref. 2. 



2. The coordinates and angles of each subunit are given in the main input data file for 
HYDROSUB (for more details on the convention for angles, file format, etc, see 
the HYDROSUB user guide). SOLPRO is subsequently run to calculate P and all 
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Fig. 9. Bead shell models for (A) the equivalent prolate ellipsoid fit to Fig. 3A for 
IgGFab and (B) the equivalent oblate ellipsoid fit to Fig. 3B for IgGFc. The procedure 
for generating the bead coordinates is described in the documentation for HYDRO- 
SUB. 




Fig. 10. Orientation angles between Fab' and Fc domains relative to an xyz Carte- 
sian frame, a: angle between Fab domains; 0: non-coplanarity angle of the Fc domain 
to the Fab's. = 90° corresponds to a planar structure; (p: twist angle (swivel of the Fc 
face); \|/: bend angle (bending up of Fc toward one of the Fab arms). 



the other shape functions. A value of P is returned for a given arrangement of the 
domains and hinge length. The value of P does not depend on the absolute dimen- 
sions of the domains or hinge, merely on their dimensions relative to each other — 
e.g., the overall shape. 

The values of P for various domain orientations are compared with the experimen- 
tal value obtained from Subheading 3.1. The most appropriate models are selected 
by matching the P values for the models with the experimental P value after taking 
into account experimental error. Fig. 11 gives some examples. 
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a=120 

6=90; <M>; i|H) 

Fig. 1 1 . Examples of domain representations for IgG subclasses of human antibody 
(a) Open Y-models for human IgG2 and IgG4. Experimental P = 1 .22 ± 0.03 for IgG2 
and 1.23 ± 0.02 for IgG4. Experimentally, it is impossible to distinguish these two sub- 
classes on the basis of sedimentation properties alone. Model A (P = 1.230): coplanar 
Y shape; Model B (P = 1.217) distorted (non-coplanar) Y. Compact models with the 
Fab arms folded down yield P values that are too small compared with the experimen- 
tal values, and are ruled out. (b) Open Y-models for human IgGl. Small cylindrical 
hinge is necessary to model the experimental value of P = 1 .26 ± 0.03 . Model A, Copla- 
nar hinged Y (P = 1.263); Model B, Non-coplanar hinged Y (P = 1.264). (c) Coplanar 
T and Y-models for the hingeless mutant IgGMcg. The experimental value of P = (1.23 
± 0.03) is best satisfied by either Model A (coplanar Y shape, with twist angle, (p = 90, 
P = 1.215), or with Model B, a coplanar T-shape, with twist (p = and P = 1.194. 
Although immunologically inactive, this hingeless mutant is one of the few intact anti- 
bodies whose crystal structures are known: that structure is consistent with the planar 
hydrodynamic models shown here, (d) Bead shell model for human (Fab)2. Experi- 
mental Perrin function P = (1.23 ± 0.02). Modeled P = 1.208 (linear arrangement of 
domains: other arrangements yield lower values). (Figure continues.) 
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Fig. 11. (Continued.) 



4. Notes 

1. HYDRO, HYDROPRO, HYDRONMR, and SOLPRO (executables for several 
platforms, sample files and user guides) are available from the Internet web site 
http://leonardo.fcu.um.es/macromol. ELLIPS_PRIME is available from http:// 
www.nottingham.ac. uk/ncmh/unit/method.html#Software; MSTAR and SED- 
NTERP are available from http://www.bbri.org/RASMB/rasmb.html. 
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2. The symptoms of this are that the measured sedimentation coefficient increases 
with increase in concentration; and that the measured mol wt > sequence molecular 
weight, and which also increases with concentration. 

3. Experimental advice can be obtained from SEH (sieve. harding@nottingham.ac. 
uk). For specific inquiries with regards the running of HYDROSUB, HYDROPAR, 
and SOLPRO, please contact JGT (jgt@um.es). General problems over the ultra- 
centrifuge you can post your enquiry to rasmb@serverl.bbri.org, where a host of 
experts will be willing to help. 

4. It will be clear from Fig. 11 that several models can give equally good fits to exper- 
imental values for P, the frictional ratio resulting from shape. This is known as the 
uniqueness problem: using just P as a hydrodynamic modeling parameter limits the 
detail that can be specified. For example, in the case of IgGl we can distinguish 
open from compact conformations, but to be more specific as to which type of open 
conformation in terms of specific domain angles more information is required. This 
is the subject of ongoing research: researchers are currently investigating the virtue 
of additional information from viscosity, fluorescence anisotropy decay methods, 
and solution X-ray scattering. 

5. Other sources of hydrodynamic information are intrinsic viscosity and rotational 
hydrodynamic parameters. The equivalent shape parameter to P from the intrinsic 
viscosity is the Einstein-Simha viscosity increment v, which has a value of 2.5 for 
spheres and greater for other shapes (22). It is a much more sensitive function of 
shape than P, but until recently, much higher concentrations have been required for 
its measurement (>5 mg/mL). A new generation of viscometer based on a measure- 
ment of the pressure difference between flow of a solution and flow of the corre- 
sponding pure solvent offers the possibility of measurements at much lower 
concentrations (for example, see ref. 22). Fluorescence anisotropy relaxation times 
(including the harmonic mean) are also much more sensitive to shape than P } but 
have the disadvantage of requiring the presence of a suitable chromophore which 
does not rotate with respect to the rest of the molecule. The range of hydrodynamic 
methods that could be used is considered in ref. 6. 

6. Bead models can also be calculated from solution X-ray scattering data. X-ray scat- 
tering is more sensitive to shape than the translational frictional ratio, but again 
there are problems, namely in the form of irradiation damage to the protein: this is 
particularly serious for antibodies because of the extra susceptibility of the hinge 
region. Neutron scattering is a further alternative, but sources are not readily acces- 
sible, and the hydration corresponding to an antibody in aqueous solution may be 
quite different in a solution of deuterium oxide. 
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PCR Cloning of Human Immunoglobulin Genes 

James D. Marks and Andrew Bradbury 

1. Introduction 

One of the first steps in an antibody-engineering project is the isolation of 
the immunoglobulin heavy (V H )- and light (V L )-chain variable-region genes 
that encode the binding domains of an antibody. This is best accomplished 
using the polymerase chain reaction (PCR). Before PCR, cloning antibody 
genes was a laborious process, requiring the creation and screening of genomic 
or cDNA libraries. PCR has streamlined the process considerably, simplifying 
tasks such as the isolation of Vh and Vl genes from hybridomas, and allowing 
entirely new approaches such as generation of large antibody fragment gene 
repertoires from immunized or naive hosts that can be displayed on filamen- 
tous phage (antibody phage display; see Chapter 8) (/) or in other display tech- 
nologies (e.g., ribosome display; see Chapter 9). 

For PCR amplification, first-strand cDNA is obtained by reverse transcrip- 
tion of mRNA with constant region primers [primers that anneal in the Ch 
gene(Cy 1, C y 2, C y 3, C y 4, C^, C e , C a , orCs) or the Cl gene (C K orC^)]. Since 
the sequences of the constant domain exons are known (2), primer design is 
straightforward. For PCR amplification, primers are usually designed so that 
either Fab, Fv, or single-chain Fv (scFv) antibody fragments can be created. 
For the creation of Fabs, the Vh-Ch1 (fd) and light chain (Vl-Cl) are ampli- 
fied. Design of primers that anneal to the 3' end of these genes is straightfor- 
ward, since the constant regions have been sequenced (2). For Fv or scFv, only 
the rearranged V H and V L are amplified. Design of PCR primers for the 3' end 
of rearranged murine (3) or human (/) Vh and Vl gene is also straightforward, 
since primers can be based on the J gene segments, which have been 
sequenced. These primers can also be used for first-strand cDNA synthesis 
instead of constant region primers. A number of groups have also designed 
sets of "universal" V-gene primers containing internal or appended restriction 
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Fig. 1. Construction of scFv gene repertoires using splicing by overlap extension 
(PCR assembly). For three-fragment assembly, the linker is created in such a way that 
it contains a region of homology to all 3' Jh and 5' Vl genes. This anchors the assem- 
bly and ensures that the linker remains at the correct length and is important when the 
linker is repetitive, such as with the (Gly4Ser)3 scFv linker. If a non-repetitive linker is 
used, a two-fragment assembly can be carried out with the region of overlap between 
the two V-genes containing an overlapping region of the linker. 

sites that are suitable for amplification of murine (4-8), human (1,9-11), 
chicken (12), and rabbit (13) V-genes. These "universal" primers are based on 
the extensive published V-region sequences, and permit PCR amplification of 
most V-genes. 

Fv, Fab, and scFv genes are typically constructed by the sequential cloning 
of V H (V H -C H 1) and V L (V L -C L ) genes (14,15). Alternatively, PCR splicing by 
overlap extension (PCR assembly) of V H and V L genes has been used to con- 
struct scFv genes (1,3) (Fig. 1). With PCR assembly, only two restriction sites 
are required to clone the scFv. These can be appended to the 5' and 3' end of the 
scFv gene cassette, and expression systems have been described in which octa- 
nucleotide cutters can be utilized (1). This markedly decreases the likelihood 
that a restriction enzyme will cut internally in the V-gene. Sequential cloning 
requires four restriction sites and increases the chances of restriction enzymes 
cutting internally (16). 

In this chapter, protocols are described for PCR amplification of human Vh 
and Vl gene repertoires from human peripheral-blood lymphocytes (PBLs). 
These protocols can be adapted to PCR amplification of Vh and Vl genes 
from hybridomas or immunized mice by substituting murine primers 
(4-8,17). We also describe how the human repertoires can be used to create 
naive scFv phage antibody libraries using splicing by overlap extension and 
cloning into the vector pHENl (18). The same protocols can also be used to 
construct libraries from immunized humans or patients with diseases for 
which an immune response is mounted. Alternatively, different primer sets 
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can be used to generate libraries from immunized rodents or hybridomas 
(4-8,17). 

The steps required to construct scFv phage antibody libraries are: 

1. Isolation of RNA from a V-gene source (Subheading 3.1.) 

2. First-strand cDNA synthesis (Subheading 3.2.) 

3. V-region PCR and construction of a scFv gene repertoire (Subheadings 3.3.-3.6.) 

4. Restriction digestion and ligation of the scFv gene repertoire and transformation of 
E. coli phage display vector and scFv gene repertoire (Subheadings 3.7-3.10.) 

2. Materials 

2. 1. RNA Isolation from PBLs (see Note 1) 

1. 30-mL Corex tubes, acid-washed and silated. 

2. Ficoll (Amersham Biosciences). 

3. Ice-cold phosphate-buffered saline (PBS): 154 mM NaCl, 8.1 mM Na 2 HP0 4 , 1.9 
mM NaH 2 P0 4 , pH 7.4. 

4. Lysis buffer: 5 M guanidine monothiocyanate, 10 mM ethylenediaminetetraacetic 
acid (EDTA), 50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol (DTT), filtered through 
a Millipore 0.45-um filter. 

5. 4 M and 3 M lithium chloride, autoclaved. 

6. RNA solubilization buffer: 0.1% sodium dodecyl sulfate (SDS), 1 mM EDTA, 10 
mM Tris-HCl, pH 7.5, autoclaved. 

7. 3 M sodium acetate, pH 4.8, diethylpyrocarbonate (DEPC)-treated (add 0.2 mL 
DEPC/100 mL solution) and autoclaved. 

8. DEPC-treated water (0.2 mL DEPC/100 mL water), autoclaved. 

9. Phenol equilibrated in 10 mM Tris-HCl, pH 8.0 (Sigma; Cat. #P4557). 

10. Chloroform: Isoamyl alcohol (24:1) (Sigma; Cat. #C0549). 

11. 100% ethanol at -20°C. 

2.2. First-Strand cDNA Synthesis of Human Ig 
Heavy- and Light-Chain Genes 

1. 10X RT buffer: 1.4MKC1, 500 mM Tris-HCl, pH 8.1 at42°C, 80 mMMgCl 2 . 

2. RNAsin ribonuclease inhibitor (Promega). 

3. AMV reverse transcriptase (Promega). 

4. 70% ethanol. 

5. 100 mM DTT. 

6. 20X dNTPs: 5 mM each of deoxyadenosine triphosphate (dATP), deoxyguanosine 
triphosphate (dGTP), deoxycytidine triphosphate (dCTP), and deoxythymidine 
triphosphate (dTTP). 

7. IgG, IgM, k and A, chain constant region primers, or random hexamer primers (10 
pmol/uL) (see Table 1, item 1). 

8. Silated 1.5-mL centrifuge tubes. 

9. RNA (from Subheading 3.1.). 
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Table 1 

Primers for the Creation of Human scFv Libraries 

1. Primers for first-strand cDNA synthesis (Subheading 3.2.) 
Human Heavy-Chain Constant Region Primers 

HuIgGl^CHlFOR 5'-GTC CAC CTT GGT GTT GCT GGG CTT-3' 

HulgMFOR 5'-TGG AAG AGG CAC GTT CTT TTC TTT-3' 

Human K-Chain Constant Region Primer 

HuC K FOR 5'-AGA CTC TCC CCT GTT GAA GCT CTT-3' 

Human A,-Chain Constant Region Primer 

HuCXFOR 5'-TGA AGA TTC TGT AGG GGC CAC TGT CTT-3' 

2. Primers for primary amplifications of Vh, V k , and Y\ genes (Subheading 3.3.) 
Human Vh Back Primers 

HuVH 1 aB ACK 5'-C AG GTG C AG CTG GTG CAG TCT GG-3' 

HuVH2aBACK 5'-CAG GTC AAC TTA AGG GAG TCT GG-3' 

HuVH3aBACK 5'-GAG GTG CAG CTG GTG GAG TCT GG-3' 

HuVH4aBACK 5'-CAG GTG CAG CTG CAG GAG TCG GG-3' 

HuVH5aBACK 5'-GAG GTG CAG CTG TTG CAG TCT GC-3' 

HuVH6aBACK 5'-CAG GTA CAG CTG CAG CAG TCA GG-3' 

Human V K Back Primers 

HuVKlaBACK 5'-GAC ATC CAG ATG ACC CAG TCT CC-3' 

HuVK2aBACK 5'-GAT GTT GTG ATG ACT CAG TCT CC-3' 

HuVK3aBACK 5'-GAA ATT GTG TTG ACG CAG TCT CC-3' 

HuVK4aBACK 5'-GAC ATC GTG ATG ACC CAG TCT CC-3' 

HuVK5aBACK 5'-GAA ACG ACA CTC ACG CAG TCT CC-3' 

HuVK6aBACK 5'-GAA ATT GTG CTG ACT CAG TCT CC-3' 

Human V^ Back primers 

HuVAABACK 5'-CAG TCT GTG TTG ACG CAG CCG CC-3' 

HuVA,2BACK 5'-CAG TCT GCC CTG ACT CAG CCT GC-3' 

HuVX3aBACK 5'-TCC TAT GTG CTG ACT CAG CCA CC-3' 

HuVX3bBACK 5'-TCT TCT GAG CTG ACT CAG GAC CC-3' 

HuVX4BACK 5'-CAC GTT ATA CTG ACT CAA CCG CC-3' 

HuVX5BACK 5'-CAG GCT GTG CTC ACT CAG CCG TC-3' 

HuVX6BACK 5'-AAT TTT ATG CTG ACT CAG CCC CA-3' 

Human Jh Forward Primers 

HuJH 1-2F0R 5'-TGA GGA GAC GGT GAC CAG GGT GCC-3' 

HuJH3F0R 5'-TGA AGA GAC GGT GAC CAT TGT CCC-3' 

HuJH4-5FOR 5'-TGA GGA GAC GGT GAC CAG GGT TCC-3' 

HuJH6F0R 5'-TGA GGA GAC GGT GAC CGT GGT CCC-3' 

Human J K Forward Primers 

HuJkIFOR 5'-ACG TTT GAT TTC CAC CTT GGT CCC-3' 

HuJk2F0R 5'-ACG TTT GAT CTC CAG CTT GGT CCC-3' 

HuJk3F0R 5'-ACG TTT GAT ATC CAC TTT GGT CCC-3' 

HuJk4F0R 5'-ACG TTT GAT CTC CAC CTT GGT CCC-3' 

HuJk5F0R 5'-ACG TTT AAT CTC CAG TCG TGT CCC-3' 
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Table 1 (Continued) 

Human J\ Forward Primers 

HuJXIFOR 5'-ACC TAG GAC GGT GAC CTT GGT CCC-3' 

HuJX2-3FOR 5'-ACC TAG GAC GGT CAG CTT GGT CCC-3' 

HuJX4-5FOR 5'-ACC TAA AAC GGT GAG CTG GGT CCC-3' 

3. Primers to create scFv linker DNA (Subheading 3.4.) 

Reverse Jh primers 

RHuJH 1-2 5'-GC A CCC TGG TC A CCG TCT CCT CAG GTG G-3' 

RHuJH3 5'-GGA CAA TGG TCA CCG TCT CTT CAG GTG G-3' 

RHuJH4-5 5'-GAA CCC TGG TCA CCG TCT CCT CAG GTG G-3' 

RHuJH6 5'-GGA CCA CGG TCA CCG TCT CCT CAG GTG C-3' 

Reverse V K for scFv linker 

RHuVKl aBACKFv 5'-GGA GAC TGG GTC ATC TGG ATG TCC GAT CCG 

CC-3' 
RHuVK2aBACKFv 5'-GGA GAC TGA GTC ATC ACA ACA TCC GAT CCG 

CC-3' 
RHuVK3aBACKFv 5'-GGA GAC TGC GTC AAC ACA ATT TCC GAT CCG 

CC-3' 
RHuVK4aBACKFv 5'-GGA GAC TGG GTC ATC ACG ATG TCC GAT CCG 

CC-3' 
RHuVK5aBACKFv 5'-GGA GAC TGC GTG AGT GTC GTT TCC GAT CCG 

CC-3' 
RHuVK6aBACKFv 5'-GGA GAC TGA GTC AGC ACA ATT TCC GAT CCG 

CC-3' 
Reverse V^ for scFv linker 

RHuVXBACKlFv 5'-GGC GGC TGC GTC AAC ACA GAC TGC GAT CCG 

CCA CCG CCA GAG-3' 
RHuVXBACK2Fv 5'-GCA GGC TGA GTC AGA GCA GAC TGC GAT CCG 

CCA CCG CCA GAG-3' 
RHuVXBACK3aFv 5'-GGT GGC TGA GTC AGC ACA TAG GAC GAT CCG 

CCA CCG CCA GAG-3' 
RHuVXBACK3bFv 5'-GGG TCC TGA GTC AGC TCA GAA GAC GAT CCG 

CCA CCG CCA GAG-3' 
RHuVXBACK4Fv 5'-GGC GGT TGA GTC AGT ATA ACG TGC GAT CCG 

CCA CCG CCA GAG-3' 
RHuVXBACK5Fv 5'-GAC GGC TGA GTC AGC ACA GAC TGC GAT CCG 

CCA CCG CCA GAG-3' 
RHuVXBACK6Fv 5'-TGG GGC TGA GTC AGC ATA AAA TTC GAT CCG 

CCA CCG CCA GAG-3' 

4. Primers with appended restriction sites for reamplihcation of scFv gene 
repertoires (Subheadings 3.5. and 3.6.) 

HuVHlaBACKSfi 5'-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG 
GCC CAG GTG CAG CTG GTG CAG TCT GG-3' 

(continues) 
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Table 1 (Continued) 

HuVH2aBACKSfi 5'-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG 

GCC CAG GTC AAC TTA AGG GAG TCT GG-3' 
HuVH3aBACKSfi 5'-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG 

GCC GAG GTG CAG CTG GTG GAG TCT GG-3' 
HuVH4aBACKSfi 5'-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG 

GCC CAG GTG CAG CTG CAG GAG TCG GG-3' 
HuVH5aBACKSfi 5'-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG 

GCC CAG GTG CAG CTG TTG CAG TCT GC-3' 
HuVH6aBACKSfi 5'-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG 

GCC CAG GTA CAG CTG CAG CAG TCA GG-3' 
HuJKlFORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT 

GAT TTC CAC CTT GGT CCC-3' 
HuJK2FORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT 

GAT CTC CAG CTT GGT CCC-3' 
HuJK3FORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT 

GAT ATC CAC TTT GGT CCC-3' 
HuJK4FORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT 

GAT CTC CAC CTT GGT CCC-3' 
HuJK5FORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT 

AAT CTC CAG TCG TGT CCC-3' 
Hu JXlFORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACC TAG 

GAC GGT GAC CTT GGT CCC-3' 
Hu JX2-3FORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACC TAG 

GAC GGT CAG CTT GGT CCC-3' 
Hu JX4-5FORNot 5'-GAG TCA TTC TCG ACT TGC GGC CGC ACY TAA 

AAC GGT GAG CTG GGT CCC-3' 

The primers above correspond to those used to create libraries described in refs. 1,19. 
Although they may not amplify all V genes, they have produced excellent libraries. They are 
adapted for cloning into pHENl. 



2.3. Amplification of Human V H and V L Genes 
from First-Strand cDNA 

1. Vent DNA polymerase and 10X buffer (New England Biolabs). 

2. 20X dNTPs: 5 mM each of dATR dGTR dCTR and dTTR 

3. V-region specific forward (3') (J H FOR, J K FOR, and J^ FOR) and back (5') (V H 
BACK, V K BACK, and W x BACK) PCR primers (Table 1, item 2). 

4. PCR thermocycler. 

5. Agarose, DNA-grade and high melting (Fisher Biotech; Cat. #BP164-500). 

6. 10X TBE buffer: dissolve 108 g of Tris base and 55 g of boric acid in 900 mL of 
water, add 40 mL of 0.5 M EDTA, pH 8.0, and bring vol to 1 L. 

7. 100-bp ladder DNA mass markers (New England Biolabs; Cat. #N323 IS). 
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8. Geneclean kit (Bio 101, Inc.). 

9. First-strand cDNA (from Subheading 3.2.). 

2.4. Preparation of ScFv Linker DNA 

1. PCR reagents and equipment as described in Subheading 2.3. 

2. Vector containing an scFv with the (Gly4Ser)3 linker (1 (_Lg) — available from the 
corresponding author (JDM). 

3. RHuJh, RHuV k BACK and RHuVaBACK primers at 10 pmol/|iL (Table 1, item 3). 

4. Agarose, DNA-grade and high melting. 

5. 10X TBE buffer (see Subheading 2.3.). 

6. 100-bp ladder DNA mass markers. 

2.5. PCR Assembly of Vh and V\_ Genes with ScFv Linker to Create 
ScFv Gene Repertoires 

1. PCR reagents and equipment as described in Subheading 2.3. 

2. Geneclean kit. 

3. V-region specific forward (HuJ K FORNot and HuJKFORNot) and back 
(HuV H BACKSfi) PCR primers (Table 1, item 4). 

4. ScFv linker DNA (from Subheading 3.4.). 

5. Agarose, DNA-grade and high melting. 

6. 10X TBE buffer (see Subheading 2.3.). 

7. 100-bp ladder DNA mass markers. 

2.6. Re-Amplification of ScFv Gene Repertoires to Append 
Restriction Sites for Cloning 

1. PCR reagents and equipment as described in Subheading 2.3., except substitute 
Taq polymerase and buffer for Vent polymerase and buffer (see Note 2). 

2. V-region specific forward (3') (HuJ K FORNot and HuJKFORNot) and back (5') 
(HuV H BACKSfi) PCR primers (Table 1, item 4.). 

3. Assembled scFv repertoires (from Subheading 3.5.). 

4. Wizard PCR purification kit (Promega). 

2.7. Restriction Digestion of ScFv Gene Repertoires 
and pHEN1 Phage Display Vector 

1. Ncol and Notl restriction enzymes and NEB3 buffer (New England Biolabs). 

2. 100X acetylated BSA solution (New England Biolabs, supplied with Notl). 

3. 37°C incubator or heat block with heated lid. 

4. Geneclean kit. 

5. pHENl DNA (18), prepared by cesium chloride purification. 

6. Reamplified scFv repertoires (from Subheading 3.6.). 

2.8. Ligation of ScFv and Vector DNA 

1. T4 DNA ligase and 10X ligation buffer (New England Biolabs). 

2. Phenol/chloroform (Sigma). 
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3. 100% and 70% ethanol at -20°C. 

4. Digested vector and scFv repertoires from Subheading 3.7. 

5. TE buffer: 10 mMTris-HCl, pH 8.0, 1 mMEDTA. 

2.9. Generation of Phage Antibody Libraries 

1. Electrocompetent E. coli strain TGI (see Subheading 3.10. for preparation). 

2. 37°C incubator. 

3. Electroporator and 0.2-cm path cuvets (BioRad Gene Pulser™; or equivalent). 

4. 16°C water bath. 

5. SOC media: dissolve 20 g of bacto-tryptone, 5 g of yeast extract, and 0.5 g of NaCl 
in 950 mL of distilled water; add 10 mL of 250 mM KC1, adjust to pH 7.0 with 5 N 
NaOH and make up to 1 L with distilled water; autoclave the solution; when it is 
cool to the touch, add 5 mL of 2 M MgCl 2 and 20 mL of 1 M glucose. 

6. 100 and 150 mm TYE/amp/glu agar plates (100 |ig/mL ampicillin, 2% glucose): 
dissolve 1 6 g of bacto-tryptone, 1 g of yeast extract, 5 g of NaCl, and 1 5 g of bacto 
agar in distilled water and adjust the volume to 1 L. Autoclave the solution, and 
when it is cool to the touch, add 1 mL of 100 mg/mL ampicillin and 100 mL of 
20% glucose. Mix and pour into plates. 

7. Bio-assay dishes (243 x 243 x 18 mm, 530 cm 3 area) (Nunc). 

8. 2X TY media: dissolve 16 g of bacto-tryptone, 10 g of yeast extract, and 5 g of 
NaCl in 1 L of distilled water; autoclave the solution. 

9. 2X TY/amp/glu media: 2X TY media containing 100 |ig/mL ampicillin and 2% 
glucose. 

10. 50% glycerol. 

2.10. Preparation of Electrocompetent E. coli TG1 

1. E. coli TGI strain (Stratagene). 

2. Sorvall RC5 centrifuge (or similar), GS3 rotor (both prechilled to 4°C). 

3. Prechilled 500-mL polypropylene centrifuge tubes. 

4. 2-L baffled flasks. 

5. Minimal media agar plate: 10.5 g of K 2 HP0 4 , 4.5 g of KH 2 P0 4 , 1 g of (NH 4 ) 2 S0 4 , 
0.5 g of sodium citrate- 2H 2 0, 15 g of agar with water to 1 L; autoclave to sterilize 
and allow to cool until the flask is hand-hot, and then add 1 mL of 1 M MgS0 4 , 0.5 
mL of 1% vitamin Bl (thiamine), and 10 mL of 20% dextrose. 

6. 2X TY media (see Subheading 2.9.). 

7. lMHEPES,pH7.4. 

8. 1 M HEPES, pH 7.4 in 10% glycerol. 

9. 10% glycerol. 

3. Methods 

3. 1. RNA Isolation from PBLs (see Note 3) 

1. Collect fresh human blood and separate white blood cells over Ficoll immediately. 

2. Wash the PBLs 3x with ice-cold PBS. 
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3. Collect the PBLs in a 50-mL plastic centrifuge tube and add 7 mL of lysis buffer 
(will lyse up to 5 x 10 8 PBLs), and vortex vigorously to lyse the cells (see Note 4). 

4. Add 7 vol (49 mL) of 4 M lithium chloride and incubate at 4°C for 15-20 h 
(overnight). 

5. Transfer the suspension to 30-mL Corex tubes and centrifuge at 6,800g in a swing- 
ing bucket rotor at 4°C for 2 h. 

6. Pour off the supernatant and wipe the lips of the tubes with Kimwipes. Pool the pel- 
lets by resuspending them in 3 M lithium chloride (approx 15 mL). Centrifuge the 
resuspended pellets at 6,800g for 1 h. 

7. Pour off the supernatant and dissolve the pellets in 2 mL of RNA solubilization 
buffer. Freeze the suspension thoroughly at -20°C. 

8. Thaw the suspension by vortexing for 20 s every 10 min for 45 min. 

9. Extract once with an equal volume of phenol and once with an equal volume of 
chloroform. 

10. Precipitate the RNA by adding 1/10 vol of 3 M sodium acetate, pH 4.8 and 2 vol of 
-20°C ethanol. Mix the solution thoroughly and incubate at -20°C overnight. 

11. Centrifuge the RNA at 23,500g in a swinging bucket rotor for 30 min. Suspend the 
pellet in 0.2 mL of DEPC-treated water. Transfer the dissolved DNA to a 1.5-mL 
microcentrifuge tube and reprecipitate it by adding 1/10 vol of 3 M sodium acetate, 
pH 4.8, and 2 vol of -20°C ethanol. Store the RNA as an ethanol-precipitate until 
ready to use. 

3.2. First-Strand cDNA Synthesis of Human Ig Heavy- 
and Light-Chain Genes (see Notes 5 and 6) 

1. For first- strand cDNA synthesis, prepare the following reaction mixture in a silated 
1.5-mL microcentrifuge tube (see Note 7): 

10X RT buffer 5 uL 

20X dNTPs 2.5 |iL 

lOOmMDTT 5 (XL 

HulgMFOR primer 2 [iL 

HuC K FOR primer 2 |iL 

HuC^ FOR primer 2 [iL 

RNAsin 80 U (2 uL) 

All primers are 10 pmol/|iL 

2. Take an aliquot (1^4 |ig) of RNA in ethanol, place in a sterile 1.5-mL microcen- 
trifuge tube, and centrifuge it at maximum speed for 5 min in a microcentrifuge. 
Wash the pellet once with 70% ethanol, dry it, and resuspend in 27 |oL of DEPC- 
treated water. 

3. Heat the solution to 65°C for 3 min to denature the RNA, quench it on ice for 2 
min, and add it to the first-strand reaction mixture. Add 12.5 U (2.5 |lL) of AMV 
reverse transcriptase and incubate the solution at 42°C for 1 h. 

4. Boil the cDNA reaction mixture for 3 min, centrifuge it for 5 min in a microcen- 
trifuge, transfer the cDNA-containing supernatant to a new silated tube, and use it 
immediately for PCR amplification of V-genes (see Subheading 3.3.)- 
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3.3. Amplification of Human Vh and Vl Genes 
from First-Strand cDNA 

1. Make up 50-|xL PCR reaction mixes in 0.5-mL microcentrifuge tubes containing: 

Millipore water 3 1 .5 |XL 

10X Vent polymerase buffer 5.0 |XL 

20X dNTPs 2.5 |XL 

Forward primer(s) (see Notes 8-10) 2.0 |XL 

Back primer(s) (see Notes 8-10) 2.0 |XL 

cDNA reaction mix (from Subheading 3.2.) 5.0 |XL 

2. Heat the reactions to 94°C for 5 min in a thermal cycling block. If this does not 
have a heated lid, add one drop of light mineral oil to cover the reaction. 

3. Add 2 U (2.0 |XL) of Vent DNA polymerase. 

4. Cycle 30x to amplify the V-genes at 94°C for 1 min, 60°C for 1 min, and 72°C for 
1 min. 

5. Purify the PCR fragments (Vh: -350 bp; Vl: -330 bp) by electrophoresis on a 
1.5% agarose gel, extract from the gel using the Geneclean kit according to the 
manufacturer's instructions. Resuspend each product in 20 |XL of water. Determine 
the concentration of the DNA by analysis on a 1% agarose gel compared to mark- 
ers of known size and concentration. 

3.4. Preparation of ScFv Linker DNA 

1. Make up a master mix for amplification in 0.5-mL microcentrifuge tubes. The mas- 
ter mix is shown for the Vjj-V k linker. For the Vh-Vj, linker master mix, n = 29 (see 
Note 11). 

Individual reaction Master mix (n - 25) 

925 |XL 
125 uL 
62.5 |XL 
12.5 |XL 

2. Place into 24 x 0.5-mL tubes, 2 |xL each, of RHuJh and RHuV K primers for each of 
the 24 possible combinations of RHuJh and RHuV K primers. For the Vh-V^ linker, 
use the RHuV^ primers instead of RHuV K primers, and make up 28 tubes. If this 
does not have a heated lid, add one drop of light mineral oil to cover the reaction. 

3. Put 50 |XL of the master mix into a negative control tube. 

4. Add 1.0 |XL of the scFv gene template (-1 ng) per sample to the master mix. 

5. Add 45 |XL of the master mix to each of the 24 tubes generated in step 2. 

6. Preheat the PCR block to 94°C. 

7. Cycle 25x to amplify the linker sequence at 94°C for 1 min, 55°C for 1 min, and 
72°C for 1 min. 

8. Purify the PCR fragments by electrophoresis on a 2.0% agarose gel in TBE, excise 
the PCR product (-750 bp), extract it using the Geneclean kit, and resuspend the 
DNA in 50 |XL of water. 



Water 


37|xL 


10X Vent buffer 


5.0 (XL 


20X dNTPs 


2.5 (XL 


Vent DNA polymerase 


0.5 |XL 
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3.5 PCR Assembly of V H and V L Genes with ScFv Linker 
to Create ScFv Gene Repertoires (see Notes 12 and~\2) 

1. Set up the following PCR mixtures in 0.5-mL microcentrifuge tubes. Make up two 
"reaction tubes," one containing the V K repertoire DNA and one containing the V^ 
repertoire DNA. 

Reaction Tube Control 1 Control 2 

scFv linker DNA ( 1 00 ng/|iL) 1 .0 |xL 1 .0 uL 

V H repertoire DNA (100 ng/|iL) 3.5 |xL 1 .0 |iL 

V L repertoire DNA (V K or V x ; 100 ng/|iL) 3.0 |xL 1.0 |xL 

Water 6.5 (J.L 5.5 \xL 

2. To each tube add: 

Water 33 [iL 

10X Vent buffer 5.0 |^L 
20X dNTPs 2.5 |^L 

3. Heat the reaction tubes to 94°C for 5 min in a thermal cycling block. If this does not 
have a heated lid, add one drop of light mineral oil to cover the reaction. 

4. Add 2 U (2 |iL) of Vent DNA polymerase. 

5. Cycle 7x at 94°C for 1 min, 65°C for 1 min, and 72° C for 2 min to randomly join 
the fragments. 

6. After 7 cycles, hold the temperature at 94°C while adding 1 |iL of each set of flank- 
ing primers (an equimolar mixture of the six VnBACKSfi primers and an equimo- 
lar mixture of the five J K FORNot or three J^FORNot primers, yielding a final total 
concentration of each primer mix of 10 pmol/|iL). 

7. Cycle 25x to amplify the fragments at 94°C for 1 min, 60°C for 1 min, and 72°C 
for 1 min. 

8. Analyze 3 |lL of the PCR products on a 1.5% agarose gel in TBE to determine suc- 
cess of the splicing. The assembled scFv should be 0.8-0.9 kbp, and there should 
be no product of this size in the negative control reactions. 

9. Purify the assembled gene repertoires by electrophoresis on a 1 .0% agarose gel in 
TBE, followed by extraction from the gel using the Geneclean kit. Resuspend each 
product in 20 |iL of water. Determine the DNA concentration by analysis on a 1% 
agarose gel compared to markers of known size and concentration. 

3.6. Re-Amplification of ScFv Gene Repertoires 

to Append Restriction Sites for Cloning (see Note 14) 

1. Make up two 50-|lL PCR reaction mixes (one for the Vh-V k scFv repertoire and 
one for the Vh-V^ scFv repertoire) in 0.5-mL microcentrifuge tubes containing: 

Water 37.5 |lL 

lOXTaq buffer 5.0 |xL 

20X dNTPs 2.5 uL 

Forward primer (see Note 15) 2.0 (iL 

Back primer (see Note 15) 2.0 |aL 

scFv gene repertoire (~10ng) 1.0 |iL 
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2. Heat the reaction mixes to 94°C for 5 min in a thermal cycling block. If this does 
not have a heated lid, add one drop of light mineral oil to cover the reaction. 

3. Add 5 U (1.0 |XL) of Taq DNA polymerase. 

4. Cycle 25x to amplify the scFv genes at 94°C for 1 min, 55°C for 1 min, and 72°C 
for 1 min. 

5. Purify the PCR product using the Wizard PCR purification kit (see Note 16). 

3.7. Restriction Digestion of the ScFv Gene Repertoires 
and pHEN1 Phage Display Vector 

1. Make up two 100-|JE reaction mixes to digest the scFv repertoires, one for the Vh- 
V K scFv repertoire and one for the Vjj-Vx, scFv repertoire: 

scFv DNA ( 1 to 4 ug) 50 uE 

Water 33 uE 

10XNEB3 buffer 10 uE 

100X acetylated BSA 1 .0 uL 

Ncol (10 U/H.L) 3.0 M-L 

NotI (10 U/M-L) 3.0 uL 

2. Incubate the reactions at 37°C overnight. The use of a 37°C incubator or heat block 
with heated lid prevents evaporation. Otherwise, add a layer of mineral oil (Sigma) 
as used for PCRs. 

3. Gel-purify the gene repertoire on a 1% agarose gel and extract the DNA using the 
Geneclean kit. Resuspend the product in 30 |XL of water. Determine the DNA concen- 
tration by analysis on a 1% agarose gel with markers of known size and concentration. 

4. Prepare the vector by digesting 4 |ig of cesium chloride-purified pHEN 1 in a reac- 
tion exactly as described previously for the scFv gene repertoire, but substituting 
plasmid DNA for scFv DNA (see Note 17). 

5. Purify the digested vector DNA on a 0.8% agarose gel. Extract the cut vector from 
the gel using the Geneclean kit the same way as for the scFv insert. Resuspend the 
product in 30 |lL of water. Determine the DNA concentration by analysis on a 1% 
agarose gel compared with markers of known size and concentration. 

3.8. Ligation of ScFv and Vector DNA 

1. Make up two 100-|lL ligation mixtures as described here, one for the Vh-V k scFv 
repertoire and one for the Vh-V^ scFv repertoire, as well as the two control reac- 
tions (see Note 18). The controls determine how much of the vector is uncut (Con- 
trol 2) and how much is cut once and can be religated in the absence of insert 
(Control 1). The proportions are maintained, and the number of colonies obtained 
(for the same ligation volume) should be less than 10% of the library: 

Libraries Control 1 Control 2 



10X ligation buffer 


10 uL 


0.5 


0.5 


Millipore water 


32 uL 


2.3 


2.5 


Digested pHEN 1 (100 ng/uL) 


40 uL 


2 


2 


ScFv gene repertoire (100 ng/|xL) 


14 uL 






T4 DNA ligase (400 U/uL) 


4u.L 


0.2 
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2. Incubate at 16°C overnight. 

3. Increase the volume of the library reaction mix to 200 |lL with TE buffer. Extract 
the DNA with an equal volume of phenol/chloroform. Ethanol-precipitate the DNA 
and wash the pellet twice in 70% ethanol. 

3.9. Generation of Phage Antibody Libraries 

1. Set the electroporator at 200 ohms (resistance), 25 |0E (capacitance), and 2.5 kilo- 
volts. 

2. Thaw the electrocompetent bacteria on ice or use freshly prepared electrocompe- 
tent cells. Place the electroporation cuvet, cuvet holder, cells, and DNA on ice. 

3. Mix 80 ng of purified, salt-free DNA with 50 |0E of bacteria. Incubate the mixture 
on ice for 1 min. 

4. Place the mixture in a 0.2-cm path electroporation cuvet, taking care to avoid leav- 
ing air bubbles between the electrodes. Tap the cuvet gently to transfer all liquid to 
the bottom of the cuvet. Move quickly to keep the cuvet cold. 

5. Place the cuvet into the electroporator, making sure the sides of the cuvet are dry 
(to avoid arcing). Pulse and immediately add 1.0 mL of SOC media and mix. The 
time constant should be in the 4.5- to 5.5-ms range. If the time constant is less than 
4.3 ms, repeat the DNA precipitation (Subheading 3.8, step 3). 

6. Grow the bacteria from each electroporation in 1 mL of SOC media at 37°C for 1 h, 
shaking at 250 rpm. 

7. Combine all the electroporation cultures and plate serial dilutions onto 100 mm 
TYE/amp/glu plates to determine the size of the library (e.g., the total number of 
independent clones). 

8. Centrifuge the remaining bacterial culture at 2,000g at 4°C for 10 min. Resuspend 
the pellet in 500 |J.L for every four electroporations and plate 125-|0E aliquots onto 
150 mmm TYE/amp/glu plates or plate 500 u,L on 530 cm 2 Bio-assay dishes con- 
taining TYE/amp/glu. Incubate the plates overnight at 30°C. 

9. Scrape the bacteria from the plates by adding 10 mL of 2X TY/amp/glu media to 
the 150-mm dishes containing 15% glycerol (sterilized by filtration through 0.2- 
|Am filter). Store the library stock at -70°C (see Notes 19 and 20). 

3.10. Preparation of Electrocompetent E. coli TG1 

1. Inoculate a minimal media plate with E. coli TGI, and incubate overnight at 37°C. 

2. Inoculate 15 mL of 2X TY in a 100-mL flask with E. coli TGI from the minimal 
plate. Shake the culture overnight at 37°C (see Note 21). 

3. Inoculate two 2-L baffled flasks containing 500 mL of 2X TY with 5 mL of the 
overnight TGI culture. Grow in a 37°C shaker for -1.5 h, until the A 6oo is approx 
0.5. 

4. Transfer the bacteria to four 500-mL prechilled centrifuge bottles (~250-mL/bot- 
tle). Balance the bottles and keep them on ice for 20 min. 

5. Centrifuge the bottles at 3,000g, 4°C for 15 min. Prechill all rotors before use. 

6. Discard the supernatant and resuspend the cells in each bottle in the original vol- 
ume (-250 mL) of ice-cold 1 mM HEPES solution, pH 7.0. All solutions should be 
made fresh. 



130 Marks and Bradbury 

7. Centrifuge the bottles again at 3,000g, 4°C for 15 min. 

8. Resuspend the cells in one-half the original volume (-125 mL) of ice-cold 1 mM 
HEPES, pH 7.0, now using two centrifuge bottles. 

9. Centrifuge the bottles again at 3,000g, 4°C for 15 min. 

10. Resuspend all the cells in total volume of 20 mL of 1 mM HEPES, pH 7.0, in 10% 
glycerol. 

11. Centrifuge the bottles again at 3,000g, 4°C for 15 min. 

12. Prepare an ethanol/dry ice bath, if the cells are to be stored rather than used fresh. 

13. Resuspend the cells in a total volume of 2 mL 10% glycerol. 

14. Use the cells fresh, or freeze aliquots of cells using the dry ice bath (see Note 22). 
Use the cells promptly after testing efficiency (within 1 wk) (see Note 23). 

4. Notes 

1. Use disposable plasticware when possible. All glassware, including Corex tubes, 
should be baked overnight at 1 80°C. Use separate reagents (phenol, chloroform, or 
ethanol) for RNA work. 

2. Any brand of Taq polymerase in its appropriate buffer can be used. 

3. A number of easy-to-use kits are available for RNA generation from vendors such 
as Promega. We have also found that these kits make high-quality RNA for reper- 
toire cloning. 

4. The same protocol can be used to prepare RNA from hybridoma cells or from 
mouse spleens by using these cells as starting material. For spleens, we pass the 
dissected spleen through a fine wire mesh to separate the cells from matrix. 

5. The following protocols are for first-strand synthesis of human Vh and Vl reper- 
toires using constant region primers. The sequences of the primers are given in 
Table 1. It is not necessary to prepare polyadenylated RNA to prepare cDNA: total 
RNA works very well. Immune libraries should be created using IgG-based 
primers, and naive libraries are best prepared using IgM primers to ensure maximal 
diversity. This protocol can be adapted for first-strand synthesis from hybridomas 
or immunized mice by substituting murine-specific constant region primers (4-8). 

6. This protocol has been successfully used in our laboratories. There are also many 
kits available that are suitable for cDNA synthesis. 

7. The heavy-chain primer used in this protocol is for naive library generation. For 
immune libraries, use an IgG-specific primer. 

8. Vh, V k , and V^ genes are amplified in separate PCRs using the appropriate back 
and forward primers. Back primers are an equimolar mixture of the six VhBACK, 
six V K BACK, or seven VHBACK primers (final total concentration of primer mix- 
ture equals 10 pmol/|iL), corresponding to the different Kabat V-gene families (2). 
Similarly, forward primers are an equimolar mixture of the four JhFOR, five 
J K FOR, or three JaFOR primers (final total concentration of primer mixture equals 
10 pmol/|oL). Alternatively, amplifications can be done with each back primer indi- 
vidually with the mixture of forward primers. This usually biases the library 
slightly toward the V-genes that are less highly expressed in the PBL population. 
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GGGGSGGGGSGGGGS 
GGTGGAGGCGGTTCAGGCGGAGGTGGTTCTGGCGGTGGCGGATCG 

Fig. 2. The (Gly4Ser)3 scFv linker. Many phage antibody libraries use the 15-amino 
acid Gly-Ser[Gly4Ser)3] linker to connect Vh and Vl in the order Vh-Vl- It has been 
shown that linkers of this length can have a tendency to form dimeric scFv, in which the 
Vh of one scFv pairs with the Vl of another scFv. By increasing the length of the linker 
to 20 amino acids, this tendency can be reduced, although not eliminated. 

9. These primers have been validated as generating diverse repertoires and high-qual- 
ity, diverse libraries (1,9,19). Alternative sets of primers exist for generating human 
repertoires (10,11). 

10. To amplify V-genes from hybridomas or from RNA prepared from immunized 
mice, substitute murine V-region primers. 

11. The linker is generated with primers that anneal to the 5' and 3' ends of the cloned 
linker and have overhangs that encode 24 nucleotides of perfect complementarity 
with the various Jh (5' end) or Vl (3' end) genes (Fig. 1 and 2). Since there are four 
different Jh primers and six different V K primers, a total of 24 separate PCRs are 
required to generate the Vh-V k linker. Similarly, since there are four different Jh 
primers and seven different V\ primers, a total of 28 PCR separate PCRs is required 
to generate the Vh-Va, linker. 

12. A number of ways exist to combine Vh and Vl gene repertoires into either scFv or 
Fab repertoires that can be displayed on phage or in other display systems. One of 
the simplest (and first described) methods is to use splicing by overlap extension 
(PCR assembly) (Fig. 1). In the protocol provided here, Vh and Vl gene repertoires 
are combined with linker DNA that encodes the (Gly4Ser)3 peptide used to connect 
Vh and Vl in one embodiment of the scFv (Fig. 2). The linker DNA overlaps the 3' 
end of the Vh gene and the 5' end of the Vl gene, and is synthesized from a tem- 
plate containing the scFv gene using complementary primers of the Jh, V k , and Vx 
primers (see Subheading 3.4. and Table 1). 

13. As an alternative to spicing by overlap extension, Vh and Vl genes can be TA- 
cloned (useful after amplifying from monoclonal hybridomas) or sequentially 
cloned into a number of described vector systems using appropriate restriction sites 
(20,21). Obviously, different primers would be required for PCR that contained 
these restriction sites. 

14. For library creation, the spliced scFv gene repertoires must be reamplified to 
append restriction sites (Ncol and NotI) to permit cloning into the phagemid vector 
pHENl (18). 

15. Forward primer is an equimolar mix of the five J K FORNot or three J^FORNot, at a 
final concentration of 10 pmol/|iL. Back primer is an equimolar mix of the six 
VnBACKSfi primers, at a final concentration of 10 pmol/|iL. The sequences of 
these primers are provided in Table 1, item 4. 

16. In order to clone the scFv gene repertoires into pHENl, they must be digested with 
the restriction enzymes Ncol and NotI. We have found that the repertoires can be 
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digested by these enzymes simultaneously with good efficiency in NEB3 buffer. 
Typically, we digest 1-4 |ig of repertoire in 100 |lL reaction volumes. We ligate 
approx 1.5 (_Lg of repertoire DNA into 4 (_Lg of vector DNA in a vol of 100 |JL. Lig- 
ation mixtures are "cleaned up" by phenol/chloroform extraction followed by 
ethanol-precipitation. After resuspension in water, the ligation mixture is used to 
transform electrocompetent E. coli TGI {see Subheading 3.10. for electrocompe- 
tentTGl preparation). 

17. Efficient digestion is important because a small amount of undigested vector leads 
to a very large background of non-recombinant clones. Use of vector DNA pre- 
pared by techniques other than cesium chloride will yield lower transformation 
efficiencies and higher background. 

18. The amounts of DNA indicated are chosen to give the theoretical optimal molar 
ratio of insert to vector of 2: 1 . Given that the ratio of sizes of scFv (800 bp) to vec- 
tor (4,500 bp) is approx 1:6, this translates into a ratio of insert to vector of 1:3 in 
weight terms. 

19. Typical transformation efficiencies are 1-10 x 10 9 /|ig of pUC19, and 1-100 x 
10 7 /|lg of ligated vector with insert. The background of ligated vector without 
insert should be less than 10% of the ligated vector with insert. This will depend 
upon the efficiency of the ligation reaction and the quality of the vector used — see 
controls 1 and 2 in Subheading 3.8. 

20. Ligations and electroporations should be continued until there are at least 10 9 
separate colonies for naive libraries, and 10 7 separate colonies for immune 
libraries. 

21. It is critical that all glass and plastic equipment, medium, and buffer are absolutely 
soap- and detergent-free (it is best to use a set of dedicated equipment that is 
washed only with water and autoclaved). 

22. Cells can be quick-frozen in 25-200 |lL aliquots and stored at -80°C, with an 
approx 10-fold decrease in transformation efficiency. 

23. Test that cells are free of contaminant plasmids, phagemids or phages, by growing 
on appropriate antibiotic plates and in top agar with lawn bacteria. 
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Antibody Humanization by CDR Grafting 

Benny K. C. Lo 



1. Introduction 

The goal of antibody humanization is to engineer a monoclonal antibody 
(MAb) raised in a nonhuman species into one that is less immunogenic when 
administered to humans. The development of this technology had transformed 
the stagnant state of antibody therapeutics in the 1980s, when the major obsta- 
cle was the human anti-murine antibody (HAM A) response (7, 2). The HAMA 
response occurred in up to 50% of patients upon the administration of murine 
hybridoma-derived antibodies (3) and severely compromised the safety, effi- 
cacy, and biological half-life of these reagents. In addition, murine antibody 
constant regions are inefficient in directing suitable human immune effector 
functions for therapeutic effects. Efforts to produce human antibodies by 
hybridoma technology (4) and Epstein-Barr virus (EBV)-mediated B-lympho- 
cyte transformation (5) have met with limited success, but their widespread 
application is hampered by the lack of robust human hybridoma fusion part- 
ners and the instability of EBV- transformed clones, respectively (see ref. 6-8 
for review). Consequently, humanization technology was well-placed to 
exploit the plethora of murine MAbs against a variety of disease targets and 
turn them into effective clinical reagents. 

Two methods were developed in the mid-1980s as attempts to reduce the 
immunogenicity of murine antibodies: chimerization (9-11) and humanization 
by CDR grafting (12-14) (see Fig. 1A). In mouse/human chimeric antibodies, 
the immunogenic murine constant domains (66% of total sequence) are 
replaced by the human counterpart to reduce the likelihood of eliciting the 
HAMA response. At the same time, intact murine variable domains are pre- 
served to maintain the intrinsic antigen-binding affinity. Effector functions of 
chimeric antibodies may also be programmed by choosing constant domains of 
different human immunoglobulin isotypes (15, 16). In the clinic, chimeric anti- 
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Fig. 1. Antibody humanization and CDR Grafting. (A) Mouse/human chimeric 
antibodies retain the entire Fv regions from the murine antibody (66% human). 
Reshaped antibodies, on the other hand, only retain the CDRs and a few framework 
residues from the murine antibody (90-95% human), making them minimally 
immunogenic. (Shaded ovals: murine sequences; blank ovals: human sequences; black 
lines across ovals: murine CDRs). (B) The transplantation of murine CDRs onto a 
human framework (FR) often lead to suboptimal orientations of these binding loops. 
Consequently, critical murine framework residues need to be re-introduced as back- 
mutations to restore the optimum CDR conformations for antigen binding. 



bodies have been successfully used in the treatment of Crohns disease (Remi- 
cade 8 ), non-Hodgkin's lymphoma (Rituxan®), and renal transplant rejection 
(Simulect®). Although the chimerization of some murine antibodies led to the 
disappearance of the HAMA response, others remained immunogenic (3), 
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partly because of the presence of murine epitopes in the Fv. As an alternative 
approach, Dr. Greg Winter and colleagues at the Medical Research Council, 
Cambridge pioneered the complementarity-determining region (CDR) grafting 
technology (12-14) in which the antigen-binding specificity of a murine anti- 
body is transferred to a human antibody by replacing the CDR loops and 
selected variable-region framework residues. The reshaped, humanized anti- 
body only retained the essential binding elements from the murine antibody 
(5-10% of total sequence) and was predicted to be minimally immunogenic. 
Indeed, the in vivo tolerance and efficacy of many humanized antibodies have 
been shown to be more favorable than murine antibodies. Clinical trials of four 
such antibodies— Hu2PLAP (17), hMN-14 (18), CAMPATH-1H (19), and 
HuOKT3 (20) — demonstrated minimal or no detectable HAMA response after 
intravenous administration, thus establishing the potential for therapeutic use. 
A number of humanized antibodies have recently reached the market for dis- 
eases such as cancer (Herceptin®, Myelotarg®, Campath®), allograft rejection 
(Zenapax®) and viral infection (Synagis®) (see ref. 21 for review). These suc- 
cesses provide further evidence of the power of CDR grafting and antibody- 
based reagents in complementing traditional chemotherapeutic drugs. 

Despite the development of molecular display technologies (Chapters 8 and 
9) and transgenic animals (Chapter 10) for the generation of fully human anti- 
bodies, CDR grafting remains an attractive and proven strategy for turning 
well-characterized, highly specific murine antibodies into clinical reagents. 
The vast amounts of data often available for the parent murine antibody should 
greatly facilitate the movement of the humanized antibody from the laboratory 
to the clinic. Furthermore, the grafting of naturally evolved CDRs onto human 
antibody frameworks eliminates the need for the generation of a completely 
new human antibody with methods such as in vitro library selection, affinity 
maturation, or further immunization of transgenic animals. 

1. 1. Structural Analysis of the Murine Fv Region 

The key to a successful CDR grafting experiment lies in the preservation of the 
murine CDR conformations in the reshaped antibody for antigen binding. This can 
benefit from a detailed analysis of the structure and sequence of the murine Fv. The 
antibody Fv region comprises variable domains from the light chain (Vl) and 
heavy chain (Vh) and confers antibodies with antigen-binding specificity and 
affinity. The variable domains adopt the immunoglobulin fold in which two anti- 
parallel (3-sheet framework scaffolds support three hypervariable CDRs. Structural 
variation between antibodies is dependent on the length, sequence, conformation, 
and relative disposition of the CDRs, and the pairing of CDRs from repertoires of 
Vl and Vh sequences. These parameters create the unique topography of each 
combining site and form the basis for specific antigen recognition. Although anti- 
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gen binding is predominantly regulated by CDR residues, framework residues may 
also contribute, either through direct antigen contact (22) or indirectly through 
packing with CDR residues. The implication for CDR grafting is that it may be 
necessary to revert one or more human framework residues to the murine equiva- 
lents in the reshaped antibody (so-called framework back-mutations; see Fig. IB) 
to restore the native biomolecular environment for antigen binding (13). 

The fact that grafted murine CDRs are able to function on human antibody 
frameworks is primarily made possible by the highly conserved structure of 
antibody framework regions and the limited repertoire of backbone conforma- 
tions in five of the six hypervariable regions. These canonical structures, 
described by Dr. Cyrus Chothia and colleagues (23-26), were identified for 
CDRs 1, 2, and 3 of V l and CDRs 1 and 2 of Vh- Each conformation is depen- 
dent on the interactions of a few conserved residues at specific sites, both 
within the CDRs and the framework regions. Murine CDRs are thus expected 
to adopt the same backbone conformation when the basic sequence require- 
ments for the corresponding canonical structures are met by the human frame- 
works. Moreover, the inherent flexibility of the antigen-binding site may 
accommodate small imperfections from loop grafting in an induced-fit fashion 
upon antigen binding (14, and references herein). Such conformational self- 
correction mechanisms have been proposed as the basis for binding, even when 
considerable differences exist between the antigen-free structures of the murine 
and reshaped binding sites (27-29). On the whole, these properties of the anti- 
body Fv make CDR grafting a versatile process, providing that the key frame- 
work requirements are satisfied. 

Framework residues that participate in antigen binding can often be identi- 
fied by inspecting a three-dimensional (3D) model of the murine Fv for poten- 
tial framework-CDR and framework-antigen interactions. Ideally, an X-ray 
crystallographic structure of the antigen-Fv complex is used in such an analy- 
sis. If this is unavailable, a predicted structure from molecular modeling is usu- 
ally sufficient. Molecular models can be generated for both the murine and 
reshaped forms of the Fv to locate critical framework residues and evaluate the 
suitability of the human acceptor frameworks. Additional analyses are per- 
formed by sequence alignment with other antibodies to reveal unique sequence 
features. These insights into the murine Fv structure are invaluable for the 
selection of human acceptor frameworks and, if necessary, the introduction of 
framework back-mutations to optimize antigen binding. 

1.2. Choice of Human Acceptor Frameworks 

With the blueprint of critical murine framework residues from structural 
analysis, database searching is next performed to short-list suitable human anti- 
body frameworks to support the murine CDRs. The inclusion of these critical 
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framework residues increases the chance of success in producing a functional 
reshaped antibody. Depending on the framework selection strategy, one or 
more such residues may be incorporated into the native acceptor sequence or 
introduced subsequently by framework mutagenesis. The five major framework 
selection strategies are summarized here: 

1. Fixed frameworks: the same set of human acceptor frameworks is used regardless 
of sequence homology to the murine antibody. This is particularly advantageous 
when the chosen frameworks are well-characterized in terms of expression levels 
and availability of solved crystal structures. Early humanization experiments were 
performed with frameworks from the human myeloma proteins REI (30) and 
NEWM (31) for V L and V H , respectively (12-14,32). 

2. Homology: in this approach, human antibodies sharing maximum sequence homol- 
ogy to the murine antibody are selected to provide the acceptor frameworks 
(33-36). Generally speaking, the use of homologous human frameworks is least 
likely to distort CDR conformations in the reshaped antibody. This strategy also 
minimizes the need for framework mutagenesis. However, one possible drawback 
is that the use of individual antibody sequences may include somatic hypermuta- 
tions, thereby creating potentially immunogenic epitopes. 

3. Subgroup consensus: the Kabat database (37) catalogs antibody sequences into 
subgroups of different variable-region families. The consensus sequence of each 
Kabat subgroup is compiled from the most common residue at all the framework 
positions. In this strategy, consensus from the human subgroups most homologous 
to the murine antibody is selected for CDR grafting (38-42). The use of consensus 
frameworks may reduce the likelihood of immunogenicity as somatic hypermuta- 
tions are minimized except to the extent that consensus sequences are artificial and 
may themselves contain unnatural elements that are immunogenic. 

4. Germline: the most homologous human immunoglobulin germline sequences 
(43-45) are selected as the frameworks. Since germline sequences originate from 
un-rearranged immunoglobulin genes, such frameworks should therefore be free 
from idiosyncratic mutations and are minimally immunogenic. With the availabil- 
ity of the complete human immunoglobulin germline gene locus, this strategy is 
gaining popularity (46,47). 

5. Veneering: also known as "variable region resurfacing," veneering has developed 
from the view that protein epitopes recognized by antibodies mainly reside on the 
solvent-exposed surface; murine residues buried inside the protein fold are there- 
fore predicted to be minimally antigenic. Subsequently, all buried antibody frame- 
work positions are kept murine while solvent-exposed positions are humanized 
(48,49). This preserves all buried packing residues in the reshaped antibody that are 
potentially important for CDR conformations and minimizes the likelihood of anti- 
genic response developed against the solvent-exposed regions. It remains to be seen 
whether the buried murine residues are immunogenic through the display of 
degraded antibody fragments as major histocompatibility complex (MHC) class II 
complexes on antigen-presenting cells, thus inducing a T-cell response. 
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Human frameworks for V L and V H are often selected from two different anti- 
bodies to achieve higher homologies for each chain. This is enabled by the con- 
served Vl/Vh interface that permits chain pairing and the formation of the 
antigen-binding site between variable domains from different antibodies. It is even 
possible to maximize homology by the use of hybrid frameworks for each variable 
domain (50). Furthermore, the exact location of the framework regions can also 
vary depending on whether "Kabat CDRs" (ref. 37; original Kabat definition of 
antigen-binding loops based on sequence variability) or "Chothia loops" (ref. 23; 
Chothia definition based on structural loops) are used for grafting. Although these 
strategies have all resulted in functional reshaped antibodies, the nature of the 
human framework regions is likely to be structurally and immunologically distinct. 
It should therefore be emphasized that reshaped antibodies represent a broad class 
of CDR-grafted molecules, and the exact strategy chosen may carry significantly 
different consequences in the immunogenicity of the engineered molecule. 

1.3. Introduction and Analysis of Framework Back-Mutations 

The use of carefully selected human frameworks in CDR grafting maximizes 
the probability of retaining antigen-binding affinity in the reshaped antibody. 
This was well-exemplified by the anti-mucin antibody HMFG1 (57) and the anti- 
CD56 antibody N901 (52), in which the reshaped antibody retains almost full 
binding affinity to the target antigen immediately after CDR grafting. However, 
these examples represent the ideal scenarios and are a minority among the many 
successfully reshaped antibodies. Often, antigen-binding affinity is greatly 
reduced or abolished after loop grafting (38,39,53), and is restored only after the 
re-introduction of murine framework residues as back-mutations. The likelihood 
of producing a functional antibody usually increases with the number of back- 
mutations made on the CDR-grafted structure. However, one should aim to limit 
the number of back-mutations to a minimum, thereby keeping the reshaped anti- 
body as "human" as possible and reducing the possibility of immunogenicity. 

The identification of critical framework back-mutations truly represents the 
art of CDR grafting, as it is frequently the most difficult and unpredictable step 
in the process. Although the many reshaping experiments available in the liter- 
ature provide a "rough guide" (see the website "Humanization by Design," 
http://people.cryst.bbk.ac.uk/~ubcg07s for an excellent database of published 
humanized antibodies), it is not possible to generalize back-mutations. A num- 
ber of framework positions are known to be critical and buried residues in close 
proximity to the CDRs and the antigen-binding surface are generally more 
important than those that are solvent-exposed and distant from the binding site. 
Different strategies have been developed to derive the crucial combination of 
back-mutations to restore antigen binding in a timely manner. They mainly 
involve the stepwise or simultaneous incorporation of one or more back-muta- 
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tions in the reshaped variable domains followed by their evaluation on antigen 
binding. The conventional approach relies on the use of a structural model to 
guide the introduction of strategic back-mutations. Alternatively, candidates for 
back-mutations are included in a combinatorial library of variable domains dis- 
played on filamentous bacteriophage (54,55). Variable domain sequences in the 
library are synthesized so that both the murine and human residues are repre- 
sented at selected positions for back-mutation. This allows the simultaneous 
analysis of a much larger pool of mutants. The best combinations of back- 
mutations are swiftly identified by panning the phage library for antigen bind- 
ing, followed by sequencing of the clones of highest affinity. 

1.4. Summary 

The humanization of murine antibodies by CDR grafting is a major protein- 
engineering task. The transfer of antigen-binding loops from a naturally 
evolved murine framework to a different, artificially chosen human framework 
must be performed so that the native loop conformations are retained for anti- 
gen binding. Meanwhile, careful consideration should be given during the 
design process to minimize the immunogenic potential of the humanized anti- 
body by limiting residual murine elements. Additional measures such as speci- 
ficity determining residues grafting (ref. 56; see also Chapter 21), removal of 
immunogenic epitopes (57), use of constant regions that do not activate effec- 
tor functions (58), and the generation of immunological tolerance (59) may 
also be taken. It should be noted that immunogenicity is a complex issue; 
intrinsic factors such as protein sequence and structure are likely to be as 
important as extrinsic ones (e.g., dosage, route, and schedule of administration, 
and patient's immune status). Thus, it is very difficult to predict the immuno- 
genicity of a therapeutic antibody accurately. Only favorable results from clin- 
ical studies can confirm the success of a humanization experiment. 

In this chapter, protocols are described for the CDR grafting of murine anti- 
bodies using germline human antibody frameworks and Kabat CDRs (see Fig. 2). 
Since many of the procedures involve standard molecular biology manipulations, 
emphasis is placed on the design strategy; cross-references to other chapters in 
this volume are provided where appropriate. Finally, the protocols are written 
purely from an academic perspective; if the reader is interested in developing a 
humanized antibody for commercial applications, professional advice should be 
sought because of the numerous patents covering all aspects of this technology. 

2. Materials 

2. 1. Homology Modeling and Framework Selection 

1. Silicon Graphics workstation (SGI, CA). 

2. Molecular graphics software (e.g., Insight II; Accelrys, CA). 
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Fig. 2. CDR grafting strategy 



3. Homology modeling software: 

a. WAM (ref. 60; accessible at http://antibody.bath.ac.uk); 

b. SWISS-MODEL (ref. 61; accessible at http://www.expasy.org); 

c. INSIGHT-HOMOLOGY (Accelrys); or 

d. COMPOSER (Tripos, MO). 

4. SeqTest (accessible at http://www.bioinf.org.uk/abs/ - under "Sequences"). 

5. Kabat Database online (ref. 62; accessible at http://www.kabatdatabase.com) and 
printed (37) editions (see also Chapter 2). 

6. Genedoc (ref. 63; downloadable from http://www.psc.edu/biomed/genedoc). 

7. V-BASE (accessible at http://www.mrc-cpe.cam.ac.uk/vbase). 

8. IMGT, the International ImMunoGeneTics Information System (ref. 64; accessible 
at http://imgt.cines.fr; see also Chapter 3). 

2.2. CDR Grafting and Antibody Expression 

1. GCG Wisconsin Package (Accelrys). 

2. Thermocycling block for polymerase chain reaction (PCR). 

3. PCR reagents: Geneamp 10X PCR buffer with 15 mM MgCl 2 (Applied Biosys- 
tems); AmpliTaq DNA polymerase (Applied Biosy stems); 10 mM deoxynucleotide 
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triphosphate (dNTP) mix (Sigma); high-performance liquid chromatography 
(HPLC)-purified oligonucleotide primers; sterile, deionized water (H2O). 

4. Low melting-point agarose. 

5. Ethidium bromide stock solution 10 mg/mL, store at 4°C. 

6. Tris-borate EDTA (TBE) buffer: 90 mM Tris-borate, 2 mM EDTA in H 2 0, auto- 
clave at 121°C for 15 min and store at room temperature. 

7. Agarose gel-running apparatus and ultraviolet (UV) transilluminator. 

8. Qiaquick gel extraction kit, PCR purification kit, and Qiaprep miniprep kit (Qiagen). 

9. TOPO TA cloning kit and One Shot TOP10 chemically competent E. coli (Invitrogen). 

10. LB-ampicillin agar plates: suspend 40 g of Luria agar (Sigma) in 1 L of H2O, boil 
to dissolve, autoclave at 121 °C for 15 min, cool to 50°C, add ampicillin to 100 
|lg/mL, and dispense into Petri dishes. Store at 4°C for up to 3 wk. 

11. LB medium: dissolve 25 g of Miller's LB broth (Sigma) in 1 L of H2O, autoclave at 
121°Cfor 15 min. 

12. Restriction endonucleases, T4 DNA ligase, and associated reaction buffers (New 
England Biolabs). 

13. Antibody expression vectors (see Note 1). 

14. Sterile 0.45-um filters. 

15. Sodium azide stock solution 20% (w/v), store at 4°C. 

2.3. Binding Analysis and Framework Back-Mutations 

1. Nunc Maxisorp 96-well plates (Nalgen Nunc) and adhesive plate sealers. 

2. Enzyme-linked immunosorbent assay (ELISA) plate shaker and reader. 

3. Phosphate-buffered saline (PBS): 8 mM Na 2 HP0 4 , 1 mM KH 2 P0 4 , 160 mM NaCl, 
3 mM KC1, pH 7.3, autoclaved. 

4. PBST: PBS containing 0.05% (v/v) polyoxyethylenesorbitan monolaurate (Tween 
20). 

5. Blocking buffer: PBS containing 1% (w/v) bovine serum albumin (BSA). 

6. ELISA buffer: PBS containing 0.2% (w/v) BSA and 0.02% (v/v) Tween 20. 

7. Human serum IgGl/K immunoglobulins (Sigma). 

8. Goat anti-human IgG (Fc-specific), affinity-purified (Jackson Immunoresearch). 

9. Goat anti-human K-chain horseradish peroxidase (HRP) conjugate, affinity-purified 
(Sigma). 

10. Goat anti-human IgG y-chain HRP conjugate (Sigma). 

11. TMB substrate solution (Pierce). 

12. IMH2SO4. 

3. Methods 

3. 1. Homology Modeling of the Murine Variable Region 

The highly homologous nature of antibody Fv makes it convenient to build 
molecular models using homology modeling methods (65,66). A number of 
well-established antibody modeling approaches based on homology (67-69) and 
conformational searching (70-72) algorithms have been described (see Note 2). 
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Computer software incorporating these methods is also available (e.g., WAM, 
SWISS-MODEL, INSIGHT-HOMOLOGY, and COMPOSER; see Subheading 
2.1.). As a first step in CDR grafting, construct a structural model of the murine 
variable region using one of these programs (if a crystal structure is not avail- 
able). The reader is encouraged to consult Chapter 4 of this volume for an in- 
depth discussion on antibody modeling, and Chapter 1 for a list of general 
molecular graphics and modeling software accessible on the worldwide web. 

3.2. Human Acceptor Framework Selection 

3.2. 1. Structural and Sequence Analysis of Murine Variable Region 

1. Assign Kabat numbering (37) to the murine Fv using the program SeqTest and 
determine the CDR canonical structures for LI, L2, L3, HI, and H2 using Table 1. 

2. Inspect a 3D model of the murine Fv (crystal structure or molecular model from 
Subheading 3.1.) for potential framework-CDR and framework-antigen interac- 
tions. Focus initially on five groups of critical framework residues with special sig- 
nificance (Table 2). Take note of framework residues that are in the immediate 
vicinity of the six CDRs and those on the antigen-binding surface. 

3. Determine the Kabat subgroup of the Vl and Vh sequences using the Subgroup 
tool from Kabat Database online. Proceed to the printed edition of the Kabat Data- 
base and manually align the Fv sequence with the subgroup. For each framework 
residue that differs from the consensus sequence, evaluate its degree of uniqueness 
within the subgroup and take note of the rare framework residues. These could 
have arisen from somatic hypermutation, and may contribute to antigen-binding 
affinity. 

4. Load the Fv sequences into sequence alignment programs such as Genedoc, high- 
light the critical framework residues from steps 2 and 3 on the Fv sequence and use 
as the blueprint for short-listing suitable human frameworks for CDR grafting. 

3.2.2. Framework Selection 

1. Search V-BASE or IMGT for the closest human immunoglobulin germline 
sequences to the murine Vl and Vh (see Note 3). 

2. Align the translated germline sequences to the sequence blueprint compiled under 
Subheading 3.2.1. 

3. Compare the short-listed sequences to the murine Fv in terms of framework 
sequence identity and the presence of critical framework residues highlighted in the 
sequence blueprint. 

4. Choose, as the human acceptor frameworks, the Vl and Vh germline sequences that 
share the highest sequence identity with the murine frameworks, especially at the 
critical framework positions. 

5. Optional: Construct a molecular model of the reshaped Fv using the murine CDRs 
and the chosen germline framework sequence (see Subheading 3.1.). Access the qual- 
ity of the chosen frameworks by comparing the CDR conformations on the murine and 
reshaped Fv (see Note 4). Select alternative acceptor frameworks if necessary. 
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Table 1 

CDR Canonical Structures and Sequence Requirements 

A number of CDR conformations have been observed with five of the six antibody 
hypervariable regions. Residue positions (Kabat numbering; ref. 37) required to main- 
tain the different canonical structures are shown together with the most commonly 
observed amino acid(s). Residues from the framework regions are shown in bold 
(reproduced with permission from ref. 73). 

Canonical 

class (loop Residues important for canonical conformation: 

CDR length) Kabat position [most common amino acid(s)] 

2(1), 25(A), 30(V), 33(M, L), 71(Y) 

2(1), 25(A), 29(V, I), 33(L), 71(F,Y) 

2(1, N), 25(A), 28(V, I), 33(L), 71(F,Y) 

2(1), 25(S), 27B(V, L), 33(L), 71(F) 

2(1), 25(A), 27B(V), 33(M), 71(F) 

2(V, I), 25(S), 27B(I, L), 33(L), 71(F) 

48(1), 51 (A, T), 52(S, T), 64(G) 

90(Q, N, H), 95(P) 

90(Q), 94(P) 

90(Q), 95(P) 

24(A, V, G), 26 C (G), 27 C (F, Y), 29 C (F), 34(M, W, I), 94(R, K) 

24(V, F), 26 e (G), 27 C (F, Y, G), 29 C (I, L), 35(W, C), 94(R, H) 

24(G, F), 26 C (G), 27 C (G, F, D), 29 C (L, I, V), 35A(W, V), 94(R, H) 

55 (G, D), 71(V, K, R) 

52 (P, T, A), 55(G, S), 71(A, T, L) 

54(G, S, N), 71(R) 

54(S), 55(Y), 71(R) 

52(Y), 54(K), 55(W), 71(P) 

a These canonical structures have only been observed in murine antibodies, but not in human 
antibodies. 

h Approximately 20% of murine and 25% of human antibodies have 13 residues in canonical 
structure 2 or 14 residues in canonical structure 4. These minor variations in loop size result in 
changes at the tip of the LI loop, but do not significantly alter loop conformation (24). 

c Residues at H26-H30 are defined as framework residues in the Kabat system, but struc- 
turally they are part of the HI loop as defined by Chothia et al. (24). 



3.3. CDR Grafting and Expression of Reshaped Antibodies 

Having finalized the acceptor framework sequences for the murine CDRs, 
the encoding DNA for the reshaped Fv is assembled by PCR. Vl and Vh 
sequences can be constructed in the form of "expression cassettes," which 
include additional upstream and downstream sequences to facilitate antibody 
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Table 2 

Important Framework Positions for Antigen Binding 

In addition to CDR residues, five classes of framework residues frequently influence 
antigen binding directly or indirectly. The actual framework positions (Kabat number- 
ing; ref. 37) or sequence motifs for these residues are shown. 

Description Significance Framework positions Reference 



Vernier zone 


A platform of residues 


L2, L4, L35, L36, L46-L49, 


(74) 




directly underneath 


L64, L66, L68, L69, 






the CDRs 


L71, L98; H2, H27-H30, 

H47-H49, H67, H69, H71, 
H73, H78, H93, H94, H103 




Canonical 


Maintenance of CDR 


See Table 1 (bold residues) 


See Table 1 


residues 


canonical structures 




(bold 
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V L N- 


Form a contiguous 


L1-L6 


(75) 


terminal 


surface with the 






residues 


antigen-binding 
pocket 






Chain- 


Residues buried at the 


L34, L36, L38, L44, L46, 


(76) 


packing 


Vl/Vh packing 


L87,L89,L91,L96,L98; 




residues 


interface; may affect 


H35, H37, H39, H45, H47, 
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H91, H93, H95, H100 a , H103 
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Carbohydrates may 


See footnote''' c 
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ation sites 


antigen in the 
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a The residue immediately N-terminal to residue H101 is a packing residue. The actual num- 
bering of this residue varies with the number of loop insertions in CDR-H3. 

b N-glycosylation consensus sequence: N-X-(S/T), where X is any amino acid (77). 

c No consensus exists for O-glycosylation, but four sequence motifs were found to predict O- 
glysolation (78,79): 

• X-P-X-X: at least one X is T 

• T-X-X-X: at least one X is T 

• X-X-T-X: at least one X is R or K. 

• S-X-X-X: at least one X is S. 



expression. The exact content of the cassettes will depend on the chosen vector 
and expression host, and whether the Fv is expressed as a full IgG or a single- 
chain Fv (scFv) fragment (see Note 1). Here, a general method (modified from 
ref. 73) is described for the PCR assembly of the reshaped Fv expression cas- 
settes using overlapping oligonucleotides. Further details on antibody expres- 
sion in E. coli and mammalian systems can be found in Chapters 14 and 15, 
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Fig. 3. Construction of reshaped Fv expression cassettes. The reshaped Vl and Vh 
expression cassettes are each produced by eight overlapping primers (block arrows) in 
eight PCRs. Overlaps between the megaprimers (PL1-8, PH1-8) are approx 24 bp. US 
= upstream accessory sequences, DS = downstream accessory sequences (tailored for 
individual expression vector systems). 



respectively. A discussion on the design of monovalent and multivalent anti- 
body fragments is also given in Chapter 12. 

3.3.1. Design and Construction of the Reshaped Fv Expression 
Cassettes 

1. Combine the nucleotide sequences of the chosen acceptor frameworks for Vl and 
Vh (from Subheading 3.2.2.) and the corresponding murine CDRs to form the 
reshaped Fv sequence. Append appropriate restriction sites, up- and downstream 
sequences as necessary for the chosen expression vector system. 

2. Check the expression cassettes for the presence of internal restriction sites and stop 
codons. Remove these by alternative codon usage where necessary. 

3. To construct the reshaped Fv cassettes, design eight partially complementary DNA 
megaprimers (approx 80 nucleotides each) and six nested primers (24 nucleotides 
each) covering the entire length of the Vl and Vh cassettes as illustrated in Fig. 3. 

4. Using the Stemloop program in the GCG Wisconsin Package, check each 
megaprimer for secondary structure formation. Avoid stemloops with melting tem- 
peratures of above 40°C by alternative codon usage. 
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5. Set up two sequential sets of four PCRs for the assembly of half-length Vl and Vh 
expression cassettes (see Note 5): 

a. Assembly PCRs (Vl reactions 1, 2 and Vh reactions 1, 2): 

5 |IL Geneamp 10X PCR buffer with 1 5 mM MgCl 2 

lH-L lOmMdNTPmix 

2.5 pmol each PL1, 2, 3, 4 (V L reaction 1); PL5, 6, 7, 8 (V L reaction 2); PHI, 
2, 3, 4 (V H reaction 1); PH5, 6, 7, 8 (V H reaction 2) (see Fig. 3) 
2.5 U AmpliTaq DNA polymerase 

+ H 2 to 50 [iL 

Thermocycle: 94°C for 5 min (hot start); 8 cycles of 94°C for 2 min and 72°C for 
5 min; and final extension at 72°C for 10 min. 

b. Amplification PCRs (Vl reactions 3, 4, and Vh reactions 3,4): 
5 (XL Geneamp 10X PCR buffer with 1 5 mM MgCl 2 
luX lOmMdNTPmix 

5 \\L PCR product from Vl reaction 1 (Vl reaction 3), Vl reaction 2 

(Vl reaction 4), Vh reaction 1 (Vh reaction 3) or Vh reaction 2 

(Vh reaction 4) 
40 pmol each PNLA and PNLB (V L reaction 3) 

PNLC and PNLD (V L reaction 4) 

PNHA and PNHB (V H reaction 3) 

PNHC and PNHD (V H reaction 4) 
2.5 U AmpliTaq DNA polymerase 

+ H 2 to 50 Ml 

Thermocycle: 94°C for 5 min (hot start); 20 cycles of 94°C for 1.5 min, 64°C for 
1.5 min, 72°C for 2.5 min; and final extension at 72°C for 10 min. 

6. Visualize reaction products from amplification PCRs on a 1% (w/v) agarose gel 
containing 0.5 |lg/mL ethidium bromide, in IX TBE buffer. 

7. Gel-purify bands of the correct size using the Qiaquick gel extraction kit (Vl: -225 
bp, Vh: -240 bp; approximate guide only, the exact fragment lengths will depend 
on the individual antibody sequence and the positioning of primers). 

8. Clone half-length expression cassettes into plasmid vector using the TOPO TA 
cloning kit. Check integrity of constructs by DNA sequencing. 

9. Re-amplify the half-length expression cassettes from clones harboring the correct 
sequence with PCR (Vl reactions 5, 6, and Vh reactions 5, 6): 

5 Mi Geneamp 10X PCR buffer with 1 5 mM MgCl 2 

1 |iL 10 mM dNTP mix 

40 pmol each PNLA and PNLB (V L reaction 5) 

PNLC and PNLD (V L reaction 6) 

PNHA and PNHB (V H reaction 5) 

PNHC and PNHD (V H reaction 6) 
2.5 U AmpliTaq DNA polymerase 

+ E. coli colony stab of the corresponding cloned half-length expression cassettes 
+ H 2 to 50 |XL 
Thermocycle: as described in step 5b. 
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10. Visualize reaction products on an agarose gel and gel-purify bands of the correct 
size (Vl: -225 bp, Vh: -240 bp) using the Qiaquick gel extraction kit. 

11. Set up two sequential sets of two PCRs to construct the final reshaped expression 
cassettes: 

a. Assembly PCRs (Vl reaction 7 and Vh reaction 7): 

5 uL Geneamp 10X PCR buffer with 15 mM MgCl 2 

1 uL lOmMdNTPmix 

5 uL each Gel-purified products from Vl reactions 5, 6 (Vl reaction 7) 

or, Vh reactions 7, 8 (Vh reaction 7) 
2.5 U AmpliTaq DNA polymerase 

+ H 2 to 50 uL 
Thermocycle: as described in step 5a. 

b. Amplification PCRs (Vl reaction 8 and Vh reaction 8): 

5 uL Geneamp lOx PCR buffer with 15 mM MgCl 2 

luL lOmMdNTPmix 

5 uL PCR product from Vl reaction 7 (Vl reaction 8) or Vh reaction 

7 (Vh reaction 8) 
40 pmol each PNLE and PNLF (V L reaction 8) 

PNHE and PNHF (V H reaction 8) 
2.5 U AmpliTaq DNA polymerase 

+ H 2 to 50 uL 
Thermocycle: as described in step 5b. 

12. Visualize reaction products on an agarose gel. Gel-purify appropriate- sized bands 
(Vl: -450 bp, Vh: -480 bp) and clone the expression cassettes into plasmid vector 
using the TOPO TA cloning kit. Check the integrity of the constructs by DNA 
sequencing. 

3.3.2. Construction of the Murine Fv Expression Cassettes 

The murine Fv should be expressed in parallel with the reshaped Fv as a 
control for binding analysis (Subheading 3.4.). If the IgG format is chosen, it 
can be expressed with human antibody constant domains as a mouse/human 
chimeric antibody. For the scFv format, it can be simply expressed as a murine 
scFv fragment (see Note 1). 

1. Append appropriate restriction sites, up- and downstream accessory sequences to 
the murine Fv sequence with PCR (see Note 6). 

2. Visualize reaction products on an agarose gel, gel-purify bands of the correct size 
(Vl: -450 bp, Vh: -480 bp) and clone the expression cassettes into plasmid vec- 
tor using the TOPO TA cloning kit. Check the integrity of constructs by DNA 
sequencing. 

3.3.3. Antibody Expression 

1. Digest the cloned reshaped and murine Fv expression cassettes with appropriate 
restriction endonucleases and ligate into the chosen expression vector(s). Arrange 
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the inserts in such a way so that four initial antibody constructs can be expressed 
(see Note 7): 

a. Murine Vl + Murine Vh 

b. Reshaped Vl + Reshaped Vh 

c. Murine Vl + Reshaped Vh 

d. Reshaped Vl + Murine Vh 

2. Clone the ligated vectors into E.coli and confirm the ligated sequences by DNA 
sequencing. 

3. Transform/transfect these vectors into the expression host of choice and express the 
four initial antibody constructs. 

4. Pass the antibody-containing media through a 0.4-um filter, add sodium azide to 
0.02% (w/v), and store at 4°C. 

3.4. Binding Analysis and Framework Back-mutations 

The binding activity of the reshaped antibody is accessed using ELISA. A 
quantification ELISA is first performed to measure antibody concentration in the 
expression medium; this is followed by a binding assay for the cognate antigen. 
Sample protocols are described here for the analysis of IgG antibodies; appropri- 
ate reagents can be substituted for the analysis of scFv fragments (see Note 8). 

3.4. 1. Antibody Quantification ELISA 

1. Coat a Nunc Maxisorp 96- well plate with 1 u,g/mL affinity-purified goat anti- 
human IgG (Fc-specific) in PBS (100 uL/well). Cover with an adhesive plate sealer 
and incubate at 4°C overnight (see Note 9). 

2. Wash wells 4x with 200 uL/well of PBST. Block nonspecific binding sites by 
adding 200 uL/well of blocking buffer and incubate at room temperature with 
shaking for 2 h. 

3. Discard the blocking buffer. Add, in duplicates, 100 uL/well of standardized con- 
centrations (1 mg/mL and nine additional 1:2 serial dilutions) of purified human 
serum IgGl/K in ELISA buffer to the assay plate (Rows A-B). (see Notes 10 and 

11) 

4. Add 100 uL/well of antibody-containing medium and nine 1:2 serial dilutions of 
each in ELISA buffer to the assay plate (Rows C-H). (see Note 11). 

5. Incubate plate at 37°C with shaking for 1 h. 

6. Wash wells 4x with 200 uL/well of PBST. 

7. Prepare a 1:5,000 dilution of affinity-purified goat anti-human K-chain horseradish 
peroxidase (HRP) conjugate in ELISA buffer. Add to the assay plate at 100 uL/well 
and incubate at 37°C with shaking for 1 h. 

8. Wash wells 4x with 200 uL/well of PBST. 

9. Add 100 uL/well of TMB substrate solution to the assay plate and incubate at room 
temperature for 5-10 min, until sufficient color development is reached. 

10. Stop color development by adding 50 uL/well of 1 M H2SO4 and read end-point 
absorbance values at 450 nm on an ELISA plate reader. 
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11. Construct a curve with mean absorbance values from the calibration standards (OD 
at 450 nm vs log [concentration]). Estimate sample IgG concentrations using 
absorbance values corresponding to the linear portion of the calibration curve. 

3.4.2. Antibody Immunoreactivity ELISA 

1. Coat a Nunc Maxisorp 96-well plate with 10 Ug/mL antigen solutions in PBS (100 
uL/well; see Note 12). Include the specific antigen(s) bearing the murine antibody 
epitope and several unrelated antigens to probe for nonspecific binding. Cover with 
an adhesive plate sealer and incubate at 4°C overnight. 

2. Wash wells 4x with 200 uL/well of PBST. Block nonspecific binding sites by 
adding 200 uL/well of blocking buffer and incubate at room temperature with 
shaking for 2 h. 

3. Discard the blocking buffer. Add antibody-containing medium to the assay plate at 
100 uL/well (see Note 13). 

4. Incubate plate at 37°C with shaking for 1 h. 

5. Wash wells 4x with 200 uL/well of PBST. 

6. Prepare a 1 :4,000 dilution of affinity -purified goat anti-human IgG y-chain HRP 
conjugate in ELISA buffer. Add to the assay plate at 100 uL/well and incubate at 
37°C with shaking for 1 h. 

7. Wash wells 4x with 200 uL/well of PBST. 

8. Read plate as described under Subheading 3.4.1., steps 9-10. 

3.4.3. Introduction and Analysis of Framework Back-Mutations 

The expression and binding analysis of the four initial antibody constructs 
(Subheading 3.3.3.) should reveal whether back-mutations are required for Vl, 
Vh, or both variable domains of the reshaped antibody. Using these results as 
the basis, the following procedure describes the optimization of framework 
back-mutations by guided selection, a strategy that enables the individual 
analysis of each of the V L and V H mutants before the best ones are selected to 
form the final reshaped antibody (see Fig. 4). 

1. Select the reshaped variable domain that resulted in a larger drop in antigen-bind- 
ing affinity for initial mutagenesis. Align this with the sequence blueprint contain- 
ing the critical murine framework residues (Subheading 3.2.1.) to identify which 
of these are absent from the human acceptor frameworks. 

2. Construct hybrid Fvs in which the reshaped mutants are paired with the opposite 
murine domain. This can be conveniently achieved by mutating vectors constructed 
in Subheading 3.3.3., steps lc and Id, using standard directed mutagenesis tech- 
niques (see Chapter 18). For example, if back-mutations are introduced to the 
reshaped Vl domain, prepare the following hybrid Fvs (see Note 14): 

a. Murine Vjj-Reshaped Vl containing all Vernier zone back-mutations; 

b. Murine Vn-Reshaped Vl containing all canonical residue back-mutations; 

c. Murine Vjj-Reshaped Vl containing all chain packing back-mutations; 
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Fig. 4. Optimization of framework back-mutations by guided selection. The best 
combination of back-mutations can be identified by screening a series of hybrid anti- 
bodies for binding to antigen (♦). This figure illustrates the optimization of Vh back- 
mutations followed by Vl ones (the order can be reversed if appropriate, see under 
Subheading 3.4.3.)- The murine Vl is initially expressed in combination with various 
reshaped Vh mutants (BMHx). The mutant Vl that gives the highest level of specific 
antigen binding is then used for the optimization of reshaped Vl mutants (BMLx), 
resulting in the final reshaped Fv. 



d. Murine Vn-Reshaped Vl containing all Vl N-terminal back-mutations; 

e. Murine Vn-Reshaped Vl containing all rare framework position back-mutations; 

f. Murine Vn-Reshaped Vl containing all O- and N-glycosylation back-mutations; 

g. Murine Vn-Reshaped Vl containing all of the above back-mutations. 
In addition, prepare the following as controls: 

a. Murine Vh Reshaped Vl containing no back-mutations; and 

b. Murine V H -Murine V L . 

Express these constructs in the expression system of choice {see Note 1). Perform 
quantification and immunoreactivity ELISAs as described under Subheadings 
3.4.1. and 3.4.2. 
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4. Compare specific antigen-binding signals of mutants 2a to 2g with those of mutants 
2h and 2i. Evaluate immunoreactivity data to narrow down beneficial back-muta- 
tions that restore binding to a level comparable to that of the murine antibody 
(mutant 2i). Perform further mutagenesis as appropriate to derive the optimum set 
of back-mutations that fully reconstitutes specific antigen binding (see Note 15). 

5. Repeat steps 1-4 for the opposite reshaped domain, using the first optimized 
reshaped domain as a guide. The reshaped mutant that gives maximum antigen 
binding is chosen as the final reshaped antibody. 

6. Characterize the reshaped antibody in terms of its epitope specificity (Chapter 24) 
and binding affinity (Chapters 25-27), as required. A continuous source of the 
reshaped antibody (as IgG or scFv) can be established by the stable transfection of 
a mammalian cell line (e.g., Chinese hamster ovary cells or mouse myeloma NSO 
cells) with suitable expression vectors (see Chapter 15). 

4. Notes 

1. For the expression of antibodies as full IgGs, eukaryotic vectors that provide the 
light- and heavy-chain constant domains are available from AERES Biomedical, 
London, UK (SuperVector Expression System) and Lonza Biologies, NH, USA 
(pCON vectors). For expression as single-chain Fv fragments (scFv), common 
prokaryotic vectors that allow periplasmic protein expression can be used (see 
Chapters 12 and 14 for further details). The supplied literature for these expression 
systems should indicate the sequence requirements for the expression cassettes 
(Subheadings 3.3.1. and 3.3.2.). 

2. In the homology approach, a structural template(s) is chosen based on sequence 
homology and length. Conflicts between amino acid side-chains are then resolved by 
energy minimization. This approach is especially useful for the (3-sheet framework and 
CDR loops with known canonical structures (see Subheading 1.1.). In contrast, the 
conformational search approach seeks to build CDR conformations ab initio by gener- 
ating a large number of theoretically possible conformations by varying the dihedral 
angles of the peptide backbone. The predicted loop conformation is obtained after 
energetic evaluation of the conformers. This is useful for CDRs that do not belong to 
any of the canonical classes and those that are poorly modeled by homology alone. 

3. V-BASE and IMGT are online databases featuring human immunoglobulin 
germline sequences. A searchable interface is provided by both databases (V- 
BASE: DNAPLOT; IMGT: IMGT-VQUEST) for nucleotide sequences. Transla- 
tion of the germline genes into amino acid sequences is also possible. See Chapter 
3 for further information on the IMGT database. 

4. Although this model provides an early indication on the ability of the chosen 
germline frameworks to support the CDRs in similar conformations for binding, it 
should only be taken as an approximate guide, as conformational correction mech- 
anisms have been shown to adjust suboptimal CDR conformations upon binding to 
antigen (see Subheading 1.1.). 

5. The Fv expression cassettes are initially synthesized as half-length inserts and 
sequenced before the two halves are stitched together. This allows the early detec- 
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tion of PCR artifacts, which are likely at the numerous primer junctions, and avoids 
the subsequent need to sequence a large number of clones for the correct full-length 
cassette sequence. 

6. Design overhanging primers that are partially complementary to the 5'- and 3'-ends 
of the murine Vl and Vh gene for the introduction of additional sequences. 

7. The shuffling of the murine and reshaped Vl/Vh domains and subsequent analyses 
of the hybrid constructs will reveal whether the reshaped antibody retains the bind- 
ing affinity and specificity of the murine antibody and, if not, the CDR grafting of 
which domain (Vl, Vh, or both) has resulted in the change in binding characteristics. 

8. Possible capturing and detection agents include protein L (for kappa light chains) 
and anti-peptide tag antibodies (e.g., for hexahistidine, c-myc tags). 

9. Coated plates can be sealed and stored at 4°C for up to 4 wk. 

10. Purified immunoglobulins of a different isotype should be used if the 
reshaped/chimeric antibodies are not of the IgGl/K isotype. 

1 1 . Serial dilutions can be made conveniently in the wells using a multichannel pipettor. 

12. Antigen concentration (10-100 |lg/mL) and coating buffer should be optimized if 
necessary. 

13. Antibody supernatants should be diluted in ELISA buffer to equivalent concentra- 
tions for direct comparison. 

14. Back-mutations of the same type are introduced initially as a group. The expression 
of these mutants with the opposite guide domain will provide an indication on the 
location of beneficial back-mutations. If a positive effect is seen within a particular 
group, further mutants containing different combinations of single back-mutations 
can be made to dissect out individual contributions. Priorities for individual muta- 
tions should be decided largely from results of structural analysis (Subheading 
3.2.1.). After the analysis of the initial set of mutants, back-mutations of different 
types can then be combined to reveal any synergistic and/or antagonistic effects on 
antigen binding. If binding affinity cannot be restored to an acceptable level after 
back-mutating the critical framework positions, further back-mutations can be 
introduced at the remaining framework positions, again guided by the structural 
model of the murine Fv. 

15. One should aim to achieve the maximum antigen-binding signal with the fewest 
number of back-mutations to keep the reshaped antibody as human as possible. 
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Selection of Human Antibodies from Phage 
Display Libraries 

James D. Marks and Andrew Bradbury 

1. Introduction 

Phage display can be used to generate human antibodies to virtually any 
antigen. This requires a number of crucial steps that are common to all molec- 
ular diversity technologies: the creation of diversity, coupling of phenotype 
(antibody protein) to genotype (antibody gene), selection, amplification, and 
analysis (reviewed in ref. 1-3). Antibodies with affinities comparable to those 
obtained using traditional hybridoma technology can be selected from either 
large naive antibody libraries or from immune phage antibody libraries. The 
affinity of initial isolates can be further increased, to levels unobtainable in the 
immune system, by using the selected antibodies as the basis for construction 
and selection of libraries in which the antibody gene is diversified (see Chap- 
ters 19 and 20). This approach is one of the few methods for generating fully 
human antibodies, especially to evolutionarily conserved or self proteins (4). 
Although in theory there are many different choices to be made when con- 
structing a phage antibody library, most published work has followed a tried 
and tested formula. In particular, filamentous phage-based phagemid vectors 
have been used almost exclusively, and the phage minor coat protein pill has 
been the display coat protein most frequently used (2,5). Libraries have been 
made using both the single-chain Fv (scFv) (6-10) and Fab format (11,12). 

In Chapter 6, we described methods for capturing antibody heavy (Vh) and 
light (ViJ-chain variable region diversity using PCR, from either immune or 
non-immune donors. We also described methods for combining Vh and Vl 
genes to create repertoires of scFv antibody fragments and their cloning to cre- 
ate phage antibody libraries in which the scFv gene is fused to the phage minor 
coat protein pill. In this chapter, we discuss selection and characterization of 
antigen-specific antibodies from phage antibody libraries. 
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Antigen-specific antibodies are isolated from phage antibody libraries by 
repetitive rounds of selection on antigen. Enrichment for specific antibodies can 
be 100-1,000 fold (13), and thus two to five rounds of selection are necessary, 
depending on whether an immune or naive antibody library is used and on the 
stringency of selections. A multitude of selection methods have been described, 
including selection on antigen adsorbed onto solid supports (8), conjugated to 
columns or BIAcore sensor chips (12,14), selection using biotinylated antigen 
(15), peptides (16), panning on fixed prokaryotic (17), or mammalian (18) cells, 
tissue-culture cells (19-21), fresh cells (22,23), subtractive selection using sorting 
procedures such as fluorescence-activated cell sorting (FACS) (24), and MACS 
(20), enrichment on tissue sections or pieces of tissue (25), selection for internal- 
ization (26,27; see Chapter 11) and, in principle, selection in living animals, as 
reported for peptide phage libraries (28). More complex selection methods 
include "Pathfmder/Proximol" (29) and methods based on the restoration of 
phage infectivity via the antibody antigen interaction (30,31). In general, selec- 
tion methods can be divided into two broad classes: those which attempt to isolate 
antibodies against known antigens, and those that use phage antibodies as a 
research tool to target unknown antigens (e.g., against cell-surface antigens). This 
chapter will concentrate on selections using known antigens. Selection for inter- 
nalizing antibodies binding cell-surface antigens are described in Chapter 11. 

Phage antibody selection is optimal when purified antigen is available. 
Although relatively small quantities of antigen are required for selection, far 
greater amounts are typically needed for screening, for example by enzyme- 
linked immunosorbent assay (ELISA). In general, approx 500 jag— 1 mg of anti- 
gen is enough to complete a generous series of selections and screenings. This 
process can be accomplished with as little as 100 Jig of antigen, if the antigen is 
used at low concentrations and can be stored and reused. 

The most common selection method involves coating plastic immunotubes 
with the antigen. This approach is described in Subheading 3.1. These tubes 
have a capacity of 650 ng antigen/cm 2 , but have the potential problem that epi- 
topes become partially denatured, leading to the selection of antibodies that do 
not recognize the native antigen. Although rare, this can be avoided by either 
first coating tubes with an antigen-specific antibody or by using soluble 
biotinylated antigen in solution (15) with capture of the antigen and bound 
phage with magnetic streptavidin or avidin beads. The latter approach is 
described in Subheading 3.2. 

2. Materials 

2. 1. Selection of Phage Antibodies on Immobilized Antigen 

1. 75 x 12 mm Nunc Maxisorp immunotubes 444202 (VWR Scientific). 

2. Phosphate-buffered saline (PBS): 154 mM NaCl, 8.1 mM Na 2 HP0 4 , 1.9 mM 
NaH 2 P0 4 , pH 7.4. 
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3. 2% MPBS: 2% skimmed milk powder in PBS. 

4. PBS/Tween: 0.1% Tween 20 in PBS. 

5. 100 mM triethylamine. 

6. lMTris-HCl, pH 7.4. 

7. Exponentially growing E. coli TGI (Stratagene) or DH5ocF' (Invitrogen). 

8. 2X TY media: dissolve 16 g bacto-tryptone, 10 g yeast, 5 g NaCl in 1 L of distilled 
water, and autoclave the solution. 

9. 2X TY/amp/glu media: 2X TY media containing 100 |ig/mL ampicillin and 2% 
glucose. 

10. TYE/amp/glu plates: 100- and 150-mm TYE agar plates containing 100 |ig/mL 
ampicillin and 2% glucose. 

11. 50% glycerol, sterile-filtered. 

12. Purified phage antibody library (prepared according to Subheading 3.3.). 

2.2. Selection Using Soluble Biotinylated Antigen 

1. Streptavidin magnetic beads (Dynal Biotech). 

2. Avidin magnetic beads (MPG). 

3. Magnetic 1.5-mL tube holder (Dynal Biotech). 

4. PBS. 

5. 2% MPBS. 

6. Biotinylation kit (Pierce). 

7. PBS/Tween. 

8. lOOmMHCl. 

9. lMTris-HCl, pH 7.4. 

10. Exponentially growing E. coli TGI. 

11. 2X TY media (see Subheading 2.1, item 8). 

12. 2X TY/amp/glu media (see Subheading 2.1., item 9). 

13. TYE amp/glu plates (see Subheading 2.1., item 10). 

14. Purified phage antibody library (prepared according to Subheading 3.3.). 

2.3. Preparation of Phage Antibodies from Phage 
Library Glycerol Stocks and from Selection Rounds 

1. 500-mL sterile polypropylene centrifuge bottles (see Note 1). 

2. 2-L culture flasks. 

3. RC5 centrifuge and GS3 rotor (Sorvall). 

4. 2X TY/amp/glu media (see Subheading 2.1., item 9). 

5. 100- and 150-mm TYE amp/glu agar plates (see Subheading 2.1, item 10). 

6. 2X TY/amp/kan media: 2X TY media containing 100 |lg/mL ampicillin and 25 
|lg/mL kanamycin. 

7. TYE/kan/glu plates: 100 mm TYE agar plates containing 25 |lg/mL kanamycin and 
2% glucose. 

8. Helper phage: VCSM13, R408 or M13K07 (Stratagene, New England Biolabs, or 
Amersham Biosciences; see Note 2). 

9. PEG/NaCl solution: 20% (w/v) polyethylene glycol 6,000, 2.5 M NaCl. 
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10. PBS. 

11. Library glycerol stock (prepared according to Subheading 3.1.). 

12. Exponentially growing E. coli TGI. 

2.4. Expression of Phage Antibodies in Microtiter Plates 

1. Sterile 96-well round-bottom microtiter plates made for bacterial culture — e.g., 
Nunc 62162 (VWR Scientific). 

2. 2X TY/amp/glu media (see Subheading 2.1., item 9). 

3. 2X TY/amp/kan media (see Subheading 2.3., item 6). 

4. 2X TY/amp/glu/gly media: 2X TY/amp/glu media containing 30% glycerol. 

5. Colonies resulting from plating of selected libraries (prepared from Subheadings 
3.1. or 3.2.). 

2.5. Phage Antibody ELISA 

1. 96-well ELISA plates— e.g., Nunc Maxisorp 442404 (VWR Scientific). 

2. 2%and4%MPBS. 

3. PBS/Tween. 

4. HRP-conjugated mouse anti-phage monoclonal antibody (MAb) (Amersham 
Biosciences). 

5. TMB liquid substrate system (Sigma T-8665). 

6. Stop solution: 2 N H 2 S0 4 . 

7. Phage preparation from Subheading 3.4. 

2.6. Expression of Soluble ScFv Antibodies 

1. Sterile 96-well round-bottom microtiter plates made for bacterial culture — e.g., 
Nunc 62162. 

2. 2X TY/amp/0.1% glu media: 2X TY media containing 100 |ig/mL ampicillin and 
0.1% glucose. 

3. 2X TY/amp/IPTG media: 2X TY media containing 100 |lg/mL ampicillin and 3 
mM IPTG isopropyl-(3-D-galactopyranoside (IPTG). 

4. Bacterial colonies harboring phage antibodies (see Note 3). 

2.7. Soluble ScFv ELISA in Microtiter Plates 

1. 96-well ELISA plates— e.g., Nunc Maxisorp 442404 (VWR Scientific). 

2. 9E10 MAb (Santa Cruz Biotech) (see Note 4). 

3. PBS. 

4. PBS/Tween. 

5. 2%and4%MPBS. 

6. HRP-conjugated anti-mouse immunoglobulins (Sigma). 

7. TMB liquid substrate system. 

8. Stop solution: 2 N H 2 S0 4 . 

9. Antibody fragment-containing supernatants prepared from Subheading 3.6. 
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3. Methods 

3. 1. Selection of Phage Antibodies on Immobilized Antigen 

1. Coat an immunotube with 2 mL of antigen (10-1,000 Ug/mL) in PBS at room tem- 
perature overnight. Carbonate buffer can also be used if appropriate (see Note 5). 

2. Wash the tube 3x with PBS and block the tube with 4 mL of 2% MPBS at 37°C for 
lh. 

3. Wash the tube 3x with PBS, add 1 mL of 10 12 -10 13 phage antibodies (see Chapter 
6 for phage library stock creation and Subheading 3.3. for phage preparation and 
phage titering) diluted in 1 mL of 2% MPBS, and incubate for 30 min on a rotating 
turntable followed by an additional 1.5 h standing (see Note 6). 

4. Wash the tube once with PBS/Tween and twice with PBS by pouring buffer in and 
out of the tube (see Note 7). 

5. Elute the bound phage by adding 1.0 mL of 100 mM triethylamine, capping the 
tube, and rotating it on a turntable for 8 min (see Note 8). 

6. Transfer the eluant to a new tube and neutralize immediately by adding 0.5 mL of 
1.0 M Tris-HCl, pH 7.4, and mixing. 

7. Add one-half of the eluant (0.75 mL) to 10 mL of exponentially growing E. coli 
TGI or DH5aF' (Agoo ~0.5) and incubate the culture without shaking at 37°C for 
30 min. 

8. Plate 1 uL and 0.1 uL of the culture on 100 mm TYE/amp/glu plates to titer the 
eluted phage (see Note 9). Plating these two amounts of culture will cover an out- 
put titer of 10 4 -10 7 at an easily counted number of colonies. During later rounds of 
selection, it may be necessary to plate additional dilutions, as the titer tends to 
increase. 

9. Centrifuge the remainder of the culture at 2,800g for 15 min, resuspend in 0.5 mL 
of 2X TY media, plate on two 150 mm TYE/amp/glu plates, and incubate at 37°C 
overnight. 

10. The next day, add 3 mL of 2X TY/amp/glu media to each plate and scrape the bac- 
teria from the plate with a bent glass rod. Make glycercol stocks by mixing 1.4 mL 
of bacteria and 0.6 mL of 50% glycerol. Save stock at -70°C. 

11. Prepare phagemid particles for the next round of selection from the glycerol stocks 
by infection with helper phage as described in Subheading 3.3. It is only necessary 
to prepare phage from a 50-mL culture for subsequent rounds of selection. 

12. Repeat the selection, starting with step 1, for a total of 2-A rounds. Increase the 
stringency of washes after the first round by washing 20x in PBS/Tween and 20 
times in PBS before phage elution (see Note 10). Increased stringency can also be 
provided by carrying out one or two 30-min washes with PBS and PBS/Tween (see 
Notes 11 and 12). 

3.2. Selection Using Soluble Biotinylated Antigen 

An alternative to selecting antibodies on immobilized antigen is to select the 
antibodies in solution. This solves problems related to antigens that change 
conformation when directly coated onto solid surfaces. It is also easier to select 
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on the basis of binding affinity, because phage that display multiple copies of 
an antibody do not have a selective advantage over those that do not. It is also 
easier to limit the antigen concentration. In order to select phage antibodies in 
solution, antigen is biotinylated using any of the kits sold by immunochemical 
reagent companies. After incubating the library with biotinylated antigen, the 
antigen and bound phage antibodies are separated from unbound phage anti- 
bodies using either streptavidin or avidin magnetic beads. After suitable wash- 
ing, phage antibodies are eluted with either acid or alkaline solutions. 

1. Biotinylate the antigen using the kit as recommended by the manufacturer. If 
dithiothreitol (DTT) will be used for elution, use NHS-SS biotin for biotinylation. 

2. Block a 1.5-mL microcentrifuge tube with 2% MPBS at room temperature for 1 h, 
then wash the tube once with PBS. 

3. Block 100 uL of streptavidin-magnetic beads with 1 mL of 2% MPBS at room 
temperature for 1 h in a 1.5-mL microcentrifuge tube. After blocking, collect the 
beads by pulling to one side with the magnetic tube holder. Discard the buffer. 

4. Pre-deplete the library of streptavidin binders by incubating 10 12-13 phage (10 13 for 
a first-round selection, 10 12 for subsequent rounds) in 2% MPBS with 100 uL of 
streptavidin-magnetic beads for 1 h in a vol of 1 mL. Pull the beads to one side with 
the magnetic tube holder. Collect the phage antibodies and discard the beads (see 
Note 13). 

5. Add the 1 mL of pre-depleted phage antibodies to the blocked tube and then add 
biotinylated antigen (100-500 nm). Incubate, rotating on a turntable, at room tem- 
perature for 1 h. 

6. Add 100 uL of the blocked streptavidin-magnetic beads to the tube and incubate on 
the rotator at room temperature for 15 min. Place the tube in the magnetic rack for 
30 s. The beads will migrate toward the magnet. 

7. Aspirate the tubes, leaving the beads on the side of the microcentrifuge tube. This 
is most effectively done with a 200-uL pipet tip on a Pasteur pipet attached to a 
vacuum source. Wash the beads (1 mL per wash) 7x with PBS/Tween, followed by 
twice with 2% MPBS, then once with PBS. Transfer the beads after every second 
wash to a fresh 1.5-mL tube to facilitate efficient washing. 

8. Elute the phage by adding 1 mL of 100 mM triethylamine, capping the tube, and 
rotating end-over-end for 8 min. Draw the beads to one side of the tube with the 
magnet and transfer the solution to an Eppendorf tube containing 500 uL of 1 M 
Tris-HCl, pH 7.4 (see Note 14). 

9. Proceed as described in Subheading 3.1., step 7 onward to prepare phage for the 
next round of selection. Depending on the titer of the eluted phage, the antigen con- 
centration can be reduced 10-fold for the next round of selection. 

10. After 2-4 rounds of selection, the success of selection can be determined by per- 
forming a ELISA for antigen binding using the polyclonal phage prepared from 
each round of selection (see Subheading 3.5.). When the polyclonal phage are pos- 
itive for antigen binding, individual phage antibodies can be analyzed for antigen 
binding (Subheadings 3.4-3.7.). 
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3.3. Preparation of Phage Antibodies from Phage Library Glycerol 
Stocks and from Selection Rounds 

1. Inoculate an appropriate number of 2-L culture flasks containing 250 mL of 2X 
TY/amp/glu media with the library glycerol stock (see Note 15). The A^oo of the 
culture media should be <0.05. Plate 1 uL from each culture flask to determine the 
size of the initial inoculum (see Note 16). 

2. Grow the culture at 37°C with shaking (300 rpm) to an Agoo of 0.5 (approx 1.5-2.5 
h) (see Note 17). 

3. Add helper phage at a helper phage: bacteria ratio of 10-20:1. 

4. Incubate the culture at 37°C for 30 min, standing in a water bath with occasional 
mixing, then incubate at 37°C for 30 min with shaking. Remove 1 uL from each 
flask, dilute in 1 mL of 2X TY media and plate 1 and 10 uL on TYE/amp/glu and 
TYE/kan/glu plates to determine the efficiency of helper phage infection. The num- 
ber of colonies on each plate should be similar, with the proportion of kanamycin- 
resistant colonies greater than 10% of the number of ampicillin-resistant colonies. 

5. Centrifuge the bacterial cultures in 500-mL bottles in a GS3 rotor at 2,800g. 
Remove the supernatant. 

6. Resuspend the bacterial pellet(s) in 2X TY/amp/kan media and distribute the sus- 
pended culture into 2-L flasks containing no more than 250 mL of media (see Note 
18). Grow with shaking (300 rpm) overnight at 25-30°C. 

7. Centrifuge the bacteria at 6,000g in 500-mL bottles in a GS3 rotor for 30 min. 

8. Transfer the supernatant to new 500-mL bottles and precipitate the phage by adding 
1/10-1/5 vol of PEG/NaCl solution and leave on ice for 1 h. Phage should be visi- 
ble as a clouding of the supernatant. 

9. Pellet the phage in 500-mL bottles by centrifuging in a GS3 rotor at 3,000g for 15 
min at 4°C. Discard the supernatant. Centrifuge the "dry" pellet again for 30 s to 
bring down the last drops of supernatant, and remove the liquid. Resuspend the pel- 
let in 1/10 vol of PBS. 

10. Centrifuge the bottles at 6,000g for 15 min to pellet bacterial debris and transfer the 
supernatant to a new tube. 

11. Repeat steps 8-10 to further purify the phage, resuspending in a final vol that is 
1/50 of the original culture volume. Phage prepared can be used immediately for 
selection, or stored at -80°C in aliquots of 10 13 phage per aliquot (see Note 19). 

12. Determine the titer of the phage preparation. The expected titer will be approx 
10 n -10 13 TU/mL. Therefore dilute the phage preparation 1,000,000-fold in 2X 
TY/amp/glu media. This will decrease the phage concentration to 10 5 — 10 7 TU/mL. 
Add 10 uL of the diluted phage to 1 mL of exponentially growing E. coli TGI, 
incubate standing for 30 min at 37°C. Plate 100 uL, 10 uL, 1 uL, and 0.1 uL of the 
E. coli on TYE amp/glu plates and incubate at 37°C overnight. The actual titer is 
obtained by counting the number of colonies and multiplying by the dilution factor. 

3.4. Expression of Phage Antibodies in Microtiter Plates 

The ability of individual phage antibodies to bind antigen is typically deter- 
mined by producing phage antibodies from individual colonies in microtiter 
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plates and then performing an ELISA (see also Subheading 3.5.)- An alterna- 
tive is to express soluble scFv or Fab antibody fragment into the bacterial 
supernatant and use native scFv or Fab to detect antigen binding by ELISA (8) 
(see Subheadings 3.6., and 3.7.). In many phage vectors, this can be done 
without subcloning, as the phage display vector includes an amber stop codon 
(TAG) between the scFv or Fab gene and gene III (5). Native scFv or Fab 
expression can be achieved by infecting the phage into a non-suppressor strain 
of E. coli. In fact, this is not necessary, as even in suppressor strains of E. coli, 
such as TGI, suppression is only 50%, and adequate amounts of soluble scFv 
are produced upon the addition of IPTG. In vector systems without an amber 
stop codon, the scFv or Fab gene can be subcloned into an appropriate secre- 
tion vector (32,33). This can usually be accomplished "en mass" by subcloning 
each of the selection round outputs into the secretion vector. Phage ELISA is 
usually more sensitive than scFv or Fab ELISA, because of the thousands of 
copies of the phage major coat protein pVIII that is used for detection by the 
secondary antibody. However, a percentage of phage antibodies that bind by 
phage ELISA will not bind as scFv or Fab, because of poor expression or low 
affinity. Thus we prefer to utilize scFv or Fab ELISA to identify initial binding 
phage antibodies. Once binding phage antibodies are identified, the number of 
unique antibodies can be determined by fingerprinting of the scFv or Fab genes 
and DNA sequencing (8,34). ScFv or Fab expression can then be scaled up, and 
antibody fragment can be harvested and purified from the bacterial periplasm 
(33), usually by affixing a hexahistidine tag at the C-terminus of the antibody 
fragment (35). 

1. Use sterile toothpicks to pick individual colonies into 96-well microtiter plate wells 
containing 100 |lL of 2X TY/amp/glu (see Note 20). Grow with shaking (300 rpm) 
at 30°C overnight, preferably in a microtiter plate holder (see Notes 21 and 22). 

2. Add 50 uL of 2X TY/amp/glu/gly to each well and store the plate at -70°C. This is 
the master plate. 

3. Use a 96-well sterile transfer device or pipet to inoculate 2 uL per well from the 
master plate to a 96-well plate containing 150 uL of 2X TY/amp/glu per well. 
Grow these cultures to an A6oo of approx 0.5 (around 2.5 h), at 37°C with shaking. 

4. Add 50 uL of 2X TY/amp/glu media containing 2xl0 9 pfu/mL helper phage 
(diluted from stock) to each well. The ratio of phage to bacterium should be approx 
20:1. Incubate the plate at 37°C for 30 min (see Note 23). 

5. Centrifuge the plate at 2,000g for 10 min and remove and discard the supernatant 
using a multichannel pipet or suction device. 

6. Resuspend each bacterial pellet in 150 uL of 2X TY/amp/kan media. Glucose is 
omitted in this step, since expression of the antibody depends on leaky expression 
from the lacZ promoter. Incubate the plate shaking (300 rpm) overnight at 30°C. 

7. The next day, spin the plate at 2,000g for 10 min and use 50 uL/well of the super- 
natant for phage ELISA (Subheading 3.5.). 
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3.5. Phage Antibody ELISA 

1 Coat the wells of a microtiter plate overnight at 4°C with 100 jiL/well of protein 
antigen; 10 |lg/mL in PBS is standard, but sometimes higher concentrations or a dif- 
ferent binding buffer (such as carbonate buffer) are required (see Note 24). 

2. Discard the antigen solution and wash the wells twice with PBS (see Note 25). 

3. Block the wells by adding 200 |lL of 2% MPBS and incubate at 37°C for 2 h. 

4. Wash the wells 3x with PBS. 

5. Add 50 |iL of 4% MPBS to all wells. 

6. Add 50 |lL of culture supernatant containing phage antibodies (see Subheading 
3.4.) to the wells. Mix the solution by pipetting up and down and incubate at room 
temperature for 1 h. 

7. Discard the solution, and wash wells 3x with PBS/Tween and 3x with PBS. 

8. Add 100 |0.L/well HRP-conjugated mouse anti-phage MAb diluted 1:5,000 in 2% 
MPBS and incubate at room temperature for 1 h. 

9. Discard the secondary antibody and wash wells 3x with PBS/Tween and 3x with 
PBS. 

10. Add 100 \lL of TMB substrate solution to each well and incubate at room tempera- 
ture for 10-30 min in the dark. The blue color should appear within a few minutes. 

11. Quench the reaction by adding 50-100 |iL of stop solution to each well. 

12. Read the plate at 450 nm. 

3.6. Expression of Soluble ScFv Antibody 

1. Prepare master plates as described in Subheading 3.4., steps 1 and 2. 

2. Use a 96- well sterile transfer device or pipet to transfer 2 |iL per well from the mas- 
ter plate to a sterile 96-well microtiter plate containing 100 |aL/well of 2X 
TY/amp/0.1% glu media (see Note 26). 

3. Incubate the plate at 37°C, shaking, until the Agoonm is approx 0.9 (usually 2-3 h). 

4. Add 50 |lL of 2X TY/amp/IPTG media to each well (final IPTG concentration of 1 
mM). Continue shaking the plate at 30°C for an additional 16 h. 

5. Centrifuge the plates at 2,000g for 15 min and use 50 |lL of the supernatant for 
ELISA (Subheading 3.7). 

3.7. Soluble ScFv ELISA in Microtiter Plates 

1. Coat the wells of a microtiter plate overnight at 4°C with 100 |0T/well of protein 
antigen; 10 |lg/mL in PBS is standard, but sometimes higher concentrations or a 
different binding buffer (e.g., carbonate buffer) are required. 

2. Discard the antigen solution and wash the wells twice with PBS. 

3. Block each well by adding 200 |lL of 2% MPBS and incubate at 37°C for 2 h. 

4. Wash the wells 3x with PBS. 

5. Add 50 |IL of 4% MPBS to all wells. 

6. Add 50 |lL of culture supernatant containing soluble scFv (from Subheading 3.6.) 
to the wells. Mix the solutions by pipetting up and down and incubate the plate at 
room temperature for 1 h. 
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7. Discard the solution, and wash the wells 3x with PBS/Tween and 3x with PBS. 
Add 100 M-L of 9E10 MAb (diluted 1:1,000 in 2% MPBS) to each well. Incubate 
the plate at room temperature for 1 h. 

8. Discard the antibody, and wash wells 3x with PBS/Tween and 3x with PBS. 

9. Add 100 |lL of HRP-conjugated anti-mouse immunoglobulins (diluted 1:2,000 in 
2% MPBS) to each well. Incubate the plate at room temperature for 1 h. 

10. Discard the secondary antibody, and wash the wells 3x with PBS/Tween and 3x 
with PBS. 

11. Add 100 |lL of TMB substrate solution and incubate the plate at room temperature 
for 10 — 30 min in the dark. The blue color should appear within a few minutes 

12. Quench the reaction by adding 50-100 |iL/well of stop solution. 

13. Read the plate at 450 nm. 

4. Notes 

1. Keep a dedicated set of centrifuge bottles and culture flasks for library rescue to 
avoid contamination by previously isolated binding phage antibodies. 

2. M13K07 is usually used, although no direct comparison has been made between 
the different helper phages. 

3. This protocol requires that the scFv or Fab antibody gene must be under control of 
the lac promoter. For phage libraries in vectors such as pHENl (5), which have an 
amber stop codon between the antibody fragment gene and gene III, no subcloning 
is necessary. For other display systems, the antibody fragment gene would need to 
be subcloned into an appropriate secretion vector under control of the lac promoter 
(32). 

4. ELISA using soluble scFv is similar in principle to that using phage antibodies, 
with the exception that detection of the soluble scFv involves the use of an anti-tag 
antibody with a secondary detection antibody (e.g., anti-mouse Fc antibody if the 
tag antibody is a mouse monoclonal). The anti-tag antibody described here is 9E10, 
which recognizes the myc tag and is incorporated into the pHEN vector (5). 9E10 
is available commercially, or the hybridoma cell line can be obtained from Ameri- 
can Type Culture Collection (ATCC). 

5. We typically coat with 50-100 |lg/mL of antigen. For some antigens, it may be pos- 
sible to improve selection for higher-affinity antibodies by reducing the coating 
antigen concentration during subsequent rounds of selection. 

6. For a first round selection, 10 13 phage should be used, for subsequent rounds 10 12 
are sufficient. 

7. Since there are relatively few copies of each individual phage antibody in large 
libraries, the first round of selection should be relatively non-stringent (only a few 
washes). In general, increasing the number of washes at this stage is counterpro- 
ductive, as it reduces the number of phage eluted but does not increase the propor- 
tion of positive phage (I. Tomlinson, personal communication and ref. 18). After 
the first round of selection, the number of each individual phage antibody is far 
higher, and subsequent washes can be far more stringent. 
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8. Longer incubations with triethylamine may render the phage non-infectious (8). 
Alternative methods of elution include 1 mL of 100 mM HC1 (10 min) (36), 1 mL 
of 0.2 M glycine, pH 2.5 (37), or 0.5 mL of trypsin (1 mg/mL in PBS for 10-60 min 
at 20-37°C) provided that there is a trypsin site (arginine or lysine) between anti- 
body and gene III. Phage are resistant to trypsin for prolonged periods. Additional 
elution methods include: 0.1 MDTT when biotin is linked to antigen by a disulfide 
bridge (12), proteolytic cleavage of a site (e.g., using factor X or genenase) inserted 
between antibody and gene III (38), competition with excess antigen or antibodies 
to the antigen (39), or by adding bacteria. In a comparison of different methods 
using a number of antibodies recognizing a single antigen with widely varying 
affinities, the most effective method was shown to be 0. 1 M HC1 (40). Bacterial elu- 
tion, in particular, was not found to be effective in eluting high-affinity phage. 

9. The titer of the input and output phage can be used to calculate the recovery ratio 
(input/output ratio) which should increase each round of selection. In general, the 
expected first-round output is 10 4 — 10 7 phage particles. The phage titer usually 
increases between rounds of selection, and this indicates that selection is occurring. 
However, examples of successful selection with no change in output titer and failed 
selections with increases in titers have both been observed. In general, after the first 
round of selection, approx 1% of phage bind antigen. This increases to up to 100% 
after 2-4 rounds of selection. However, the number of different antibodies typically 
decreases with each round of selection. 

10. This reduces the output to 10,000-500,000 phage, but with a proportion of posi- 
tives that can be as high as 100% after the second round. 

1 1 . There are two ways to favor the selection of antibodies with higher affinity. One is 
to increase the stringency in the washing steps after the first round, and the other is 
to reduce the antigen concentration during subsequent rounds of selection (see 
Subheading 3.2.). Washing stringency can be increased either by increasing the 
number of washes or by a prolonged incubation (e.g., 5-30 min) in the washing 
buffer. 

12. In theory, a selection involving two antibodies with differing affinities will favor 
the antibody with the higher affinity. In practice, display levels (a function of anti- 
body folding efficiency, susceptibility to proteolysis, and tendency to aggregate) 
and toxicity to the bacterial host are two additional factors that may adversely 
affect selection efficiency. It is for this reason that if selections are continued for 
many rounds, diversity usually becomes reduced to a single clone, which some- 
times may not even bind the antigen and has a selective advantage because of dele- 
tion (41). Antibodies that display better are usually selected for two reasons: first, a 
greater proportion of phage will have antibody on their surface — normally, only 
1-10% of phagemid display an antibody fragment (42) — and second, because a 
greater proportion of phage will display two copies of antibody, contributing to an 
avidity effect. It is clear that antibodies that are toxic for their bacterial hosts will be 
discriminated against in any selection process. 

13. One problem with this method is that antibodies that recognize streptavidin are also 
isolated. This can be avoided by depleting the library of streptavidin binders prior 



1 72 Marks and Bradbury 

to selection, alternating between using avidin and streptavidin in selection rounds 
(these two biotin-binding proteins are very different in structure and do not crossre- 
act), or by labeling the antigen with biotin disulfide N-hydroxy-succinimide ester 
(NHS-SS biotin) and eluting with DTT (12). 

14. If NHS-SS biotin was used to label the antigen, instead add 100 |lL of 1 mM DTT, 
cap the tube, and rotate end-over-end for 5 min. Draw the beads to one side with the 
magnet, and transfer the solution to another Eppendorf tube. 

15. In most phage display vectors, the expression of the antibody fragment is driven by 
the lacZ promoter. Although this is a leaky promoter and probably could be 
improved, it works quite well if a few guidelines are followed. Before phage are 
rescued, bacteria containing the library are grown to logarithmic phase in the pres- 
ence of glucose. The glucose inhibits the activity of the lacZ promoter, and thus 
reduces the expression of both glllp and antibody. This has two important effects: 
the toxicity resulting from glllp and antibody is reduced, thus preventing library 
bias; and the inhibition of glllp expression permits bacterial pilus expression, 
allowing infection by helper phage. If glucose is omitted, the efficiency of infection 
drops dramatically, sharply reducing the effective size of the library. 

16. Prior to beginning this protocol, calculate the number of bacteria per mL in the 
library stock by carrying out titrations on TYE/amp/glu plates. The number of bac- 
teria for a particular A^oo is lower for a library than for untransformed bacteria, per- 
haps because library bacteria containing plasmids are larger, or because dead 
bacteria are present. Once titrations have been related to the Agoo* the absorbance 
can be used to calculate bacterial numbers. For phage preparation (library rescue), 
the size of the initial inoculum from the library stock should be 5x more bacteria 
than the library size. After inoculation into the culture media, the bacterial concen- 
tration should not exceed an A^oo of 0.05. The use of 5x more bacteria than the 
library size ensures representation of all library members. An initial A^oo of less 
than 0.05 for the culture ensures multiple doubling times prior to the addition of 
helper phage, increasing the efficiency of helper phage infection. The minimal cul- 
ture volume for the rescue must be determined based on library size and a maximal 
initial Agoo of 0.05. For example, a library containing 1.0 x 10 10 members would 
require an initial inoculum of 5.0 x 10 10 bacteria. Since an A(,oq of 1.0 = 1.0 x 10 9 
bacteria, to keep the A6oo of the initial culture <0.05, a volume of 1 L would be 
required. This culture volume should be equally distributed into 250 mL of 2X 
TY/amp/glu media in 2-L flasks. 

17. A temperature of 37°C is essential for pilus expression, which is requisite for 
helper phage infection. It is important to avoid overgrowing the culture (A600 
<0.5), or infection with helper phage will be inefficient because of loss of the pilus. 

18. Use a volume at least twice the initial culture volume to allow bacterial growth. 
Glucose has been removed from the culture medium to allow leaky expression of 
the antibody-glllp fusion protein. 

19. Phage can be further purified by filtration through a 0.45-|0m sterile filter (Minisart 
NML; Sartorius). Although this is useful when long-term storage at 4°C is envis- 
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aged, it can lead to a significant loss of titer. The best selection results are obtained 
when fresh phage are used, since there is a slow proteolysis of the displayed anti- 
body with time, even at -80°C. Proteolysis is significantly reduced by purifying 
phage using cesium chloride-gradient centrifugation. After such purification, dis- 
played proteins are far more stable. The expected yield is 1-5 x 10 11 phage/mL of 
original culture volume, although this may decrease by 50% after cesium chloride 
purification. 

20. Controls should include wells containing i) wild-type E. coli, ii) E. coli expressing 
a phage construct that displays no antibody fragment, and iii) E. coli expressing a 
phage construct that displays an irrelevant antibody fragment. If available, positive 
controls that bind the antigen should be included. 

21. To avoid evaporation, microtiter plates should be incubated in a closed box as far as 
possible from the incubator fan. Place a damp paper towel in the box. 

22. The first time growth in microtiter plates is carried out, shaking conditions should 
be tested by placing bacteria in alternate wells and growing overnight. Conditions 
are suitable if growth occurs only in inoculated wells and not in adjacent uninocu- 
lated wells (contamination). 

23. Keep the plate at 37°C to avoid loss of pilus expression. The presence of glucose 
inhibits glllp production and allows pilus expression. 

24. If the amount of antigen is limited, it can be recovered and reused after coating. In 
this case, overnight incubation at 4°C is recommended. 

25. Wash by submerging the plate into buffer, removing the air bubbles in the wells by 
agitation, and shaking the buffer out into the sink. To remove the last drops, bang 
the microtiter, plate upside down on a pile of paper towels. 

26. The method described here relies on the amount of glucose (0.1%) present in the 
starting medium being low enough to be metabolized by the time the inducer 
(IPTG) is added. This avoids any centrifugation steps and reduces the risk of cont- 
amination. 
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Production of Human Single-Chain Antibodies 
by Ribosome Display 

Mingyue He, Neil Cooley, Alison Jackson, and Michael J.Taussig 

1. Introduction 

Antibodies are becoming increasingly important for both basic research and 
clinical applications. With the completion of genome sequencing, antibodies 
are required for the global analysis and detection of every encoded protein. In 
therapeutics, a number of antibodies have been used for disease treatment (7). 

Traditionally, monoclonal antibodies (MAbs) are produced through rodent 
immunization followed by hybridoma technology (2). This method is labori- 
ous, and also poses difficulties in generating antibodies against self-antigens. 
Display technology provides an alternative to the hybridoma method for anti- 
body production. By coupling the genotype and phenotype of individual pro- 
teins, the display method permits the selection of the genetic material (DNA or 
RNA) through the binding function of the MAb it encodes. In this in vitro man- 
ner, antibodies against self-antigens or those that are not normally immuno- 
genic can also be produced (3). Through repeated cycles of mutation and 
selection, it is also possible to develop antibodies with improved function. Sev- 
eral display methods have been demonstrated for antibody selection. They 
include cell-based systems, such as phage display (ref. 3; see Chapter 8) and 
cell-surface display (4,5), and cell-free methods, such as ribosome display 
(6-8) and mRNA display (9). 

Ribosome display uses a cell-free system to produce stable protein-ribo- 
some-mRNA (PRM) complexes to provide the linkage of genotype and pheno- 
type, allowing simultaneous selection of a desired protein together with its 
encoding mRNA. The mRNA is then recovered and amplified as DNA by 
reverse transcriptase-polymerase chain reaction (RT-PCR). Repeating the dis- 
play cycle enriches the selected molecules, enabling rare species to be isolated. 
As a cell-free display system, ribosome display offers a number of advantages 
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Fig. 1. 



ARM display cycle. T7: T7 promoter; ARM: antibody-ribosome-mRNA; 
RT-PCR: coupled reverse transcriptase-polymerase chain reaction. Hu2: a downstream 
primer for RT-PCR recovery. 



over cell-based methods because it displays larger PCR libraries and effec- 
tively generates mutations for protein evolution in vitro (10). In addition, a cell- 
free system is capable of producing toxic, proteolytically sensitive and unstable 
proteins, or introducing modified amino acids (such as unnatural amino acids 
or chemically labeled amino acids) into proteins at desired positions during 
translation, expanding the range of proteins that may be displayed (see 
http://www.promega.com/techserv/tntbib.html). 

Both prokaryotic and eukaryotic ribosome display systems have been devel- 
oped for antibody generation (7,8). This chapter describes the eukaryotic ribo- 
some display method referred to as ARM (antibody-ribosome-mRNA) display 
(8,11-12). A distinct feature in ARM display is the use of a novel in situ RT- 
PCR method to recover the genetic information after selection from intact ribo- 
some complexes (8), rendering this method more simple, rapid, and effective in 
protein selection. Fig. 1 shows the ARM display cycle. 

2. Materials 

All the solutions, tubes, and tips used must be sterilized. Reagents should be 
nuclease-free. Precautions should be taken to avoid DNA contamination. It is 
recommended that solutions such as primers, RT-PCR buffer, washing buffer, 
and dNTPs should be stored at -20°C in aliquots. 

2. 1. Primers 

The design of primers is based on de Haard et al. (13), with some modifica- 
tions for the construction of ribosome display libraries. 
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Table 1 

Upstream primer Sequence (5'— >3') 

(1) HuV H ib-7a/back CAG(A/G)TGCAGCTGGTGCA(A/G)TCTGG 

(2) HuVmc/back (G/C)AGGTCCAGCTGGT(A/G)CAGTCTGG 

(3) HuV H2 b/back CAG(A/G)TCACCTTGAAGGAGTCTGG 

(4) HuV H3b /back (G/C)AGGTGCAGCTGGTGGAGTCTGG 

(5) HuV H3c /back GAGGTGCAGCTGGTGGAG(A/T)C(C/T)GG 

(6) HuV H4b /back CAGGTGCAGCTACAGCAGTGGGG 

(7) HuV H4c /back CAG(G/C)TGCAGCTGCAGGAGTC(G/C)GG 

(8) HuV H5b /back GA(A/G)GTGCAGCTGGTGCAGTCTGG 

(9) HuV H6a /back CAGGTACAGCTGCAGCAGTCAGG 

Downstream primer Sequence (5'— >3') 

( 1 ) HulgM linker/for GG A G AC GAG GGG G A A A AG GGT TGG 



2. 1. 1. Primers for Generating Vn-linker Fragments 

Vn-linker fragments that encode various Kabat Vh families (Vhi-7) are gen- 
erated by PCR using one of the upstream primers in combination with the 
downstream primer (Table 1). 

2. 1.2. Primers for Generating k Light Chain 

k chains of different Kabat families (V K i_6) are produced using one of the 
upstream primers together with the downstream primer (Table 2). The under- 
lined region indicates the sequence overlapping with HulgM linker/for (see 
Table 1) for PCR assembly of k chain with Vn-linker fragment to generate 
V H /K format (Fig. 3). Underlined italics indicate the Xbal site for cloning. 

2.1.3. Primers for Generating V% Fragments 

V\ fragments of different Kabat families (V^g) are produced using one of 
the upstream primers together with the downstream primer (Table 3). The 
underlined region in the upstream primer indicates the sequence overlapping 
the HulgM linker/for (see Table 1) for assembly with V H -linker by PCR (Fig. 
3). The underlined italics in the downstream primer indicate the overlapping 
sequence for assembly with constant region (C K ) of the k light chain (Fig. 3). 

2. 1.4. Primers for Generating Fuli-Length Construct 

The full-length ribosome display construct is generated by PCR using an 
upstream primer, which contains a T7 promoter and a translation initiation sig- 
nal (Kozak sequence), in combination with a downstream primer (Table 4). 
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Upstream 
primer 



Sequence (5'— >3') 



(1) HuV K i b /back CTTTTCCCCCTCGTCTCC GACATCCAG(A/T)TGACCCAGTCTCC 

(2) HuV^/back CTTTTCCCCCTCGTCTCC GATGTTGTGATGACTCAGTCTCC 

(3) HuV K3b /back CTTTTCCCCCTCGTCTCC GAAATTGTG(A/T)TGAC(A/G)CAGTCT CC 

(4) HuV K4b /back CTTTTCCCCCTCGTCTCC GATATTGTGATGACCCACACTCC 

(5) HuV^/back CTTTTCCCCCTCGTCTCC GAAACGACACTCACGCAGTCTCC 

(6) HuV K6 /back CTTTTCCCCCTCGTCTCC GAAATTGTGCTGACTCAGTCTCC 



Downstream 
primer 



Sequence (5'— >3') 



HuC K /for 



GCTCTAGA ACACTCTCCCCTGTTGAAGCT 



Table 3 



Upstream 
primer 



Sequence (5'— >3') 



HuV^ , a /back CTTTTCCCCCTCGTCTCC CAGTCTGTGCTGACTCAGCCACC 

HuV^ n/back CTTTTCCCCCTCGTCTCC CAGTCTGTG(C/T)TGACGCAGCCGCC 

HuV^ lc /back CTTTTCCCCCTCGTCTCC CAGTCTGTCGTGACGCAGCCGCC 

HuV^ 2 /back CTTTTCCCCCTCGTCTCC CA(A/G)TCTGCCCTGACTCAGCCT 

HuV^ 3a /back CTTTTCCCCCTCGTCTCC TCCTATG(A/T)GCTGACTCAGCCACC 

HuV^ 3b /back CTTTTCCCCCTCGTCTCC TCTTCTGAGCTGACTCAGGACCC 

HuV^ 4 /back CTTTTCCCCCTCGTCTCC CACGTTATACTGACTCAACCGCC 

HuV^ 5 /back CTTTTCCCCCTCGTCTCC CAGGCTGTGCTGACTCAGCCGTC 

HuV^ 6 /back CTTTTCCCCCTCGTCTCC AATTTTATGCTGACTCAGCCCCA 

HuV^ 7 _ 8 /back CTTTTCCCCCTCGTCTCC CAG(A/G)TCGTGGTGAC(C/T)CAGGAGCC 

HuVj, g/back CTTTTCCCCCTCGTCTCC C(A/T)GCCTGTGCTGACTCAGCC(A/C)CC 



Downstream 
primer 

HuJjyfor 



Sequence (5'— >3') 
GACAGArGGrGCAGCCAC ACCTA(A/G)(A/G)ACGGTGAGCTTGGTCCC 
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Table 4 



Upstream primer 


Sequence (5'->3') 


T7Ab/back 


GCAGCTAATACGACTCACTATAGGAACAGACCACCATG 
(C/OAGGTCG/OCACG/OCrCGAGfC/OAGTCTGG 






Downstream primer 


Sequence (5'— »3') 


HuC K /for 


GCTCTAGA ACACTCTCCCCTGTTGAAGCT 



The T7 promoter sequence is italicized. The Kozak sequence is indicated in bold. The initia- 
tion codon ATG is underlined. Underlined italics indicate restriction sites for cloning. 

Table 5 



Upstream primer 


Sequence (5'^>3') 


HuC K /back 


ACTGTGGCTGCACCATCTG 


Downstream primer 


Sequence (5'— >3') 


HuC K /for 


GCTCTAGA ACACTCTCCCCTGTTGAAGCT 



Underlined italics indicate a restriction site for cloning 

2. 1.5. Primers for Generating Constant Region (C K ) of k Light Chain 
See Table 5. 

2.1.6. Primers for in situ RT-PCR Recovery 

Since the stalled ribosome occupies the 3' end of the translated and selected 
mRNA, a downstream primer (Hu 2), which hybridizes at about 100 nt upstream 
of the 3' end of the mRNA, is used to recover the genetic information by RT-PCR 
in combination with the upstream primer T7A1 (see Table 6 and Fig. 2). As the 
use of Hu 2 produces a shortened DNA fragment in the first cycle, another primer 
Hu 3, which hybridizes upstream of Hu 2, is used in the second cycle. Similarly in 
the third cycle, a primer Hu 4 hybridizing upstream of Hu 3 is used (Fig. 2). The 
DNA recovered in this way thus becomes progressively shorter in each cycle, but 
the full-length fragment can be regenerated in any cycle by overlapping PCR. The 
shortening only affects the constant domain of the k light chain. 

2.2. Molecular Biology Kits and Reagents 

1. mRNA purification kit (Amersham Biosciences; Cat. #270-9255-01). 
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Table 6 



Upstream primer 


Sequence (5'-*3') 


T7A1 


GCAGCTAATACGACTCACTATAGGAACAGACCACCATG 


Downstream primer 


Sequence (5'->3') 


Hu2 
Hu3 
Hu4 


GCTCAGCGTCAGGGTGCTGCT 
CTC TCCTGGGAGTTACC 
GAAGACAGATGGTGCAGC 



Italics indicate the T7 promoter. Kozak sequence and initiation codon ATG are in bold. 

T7M Koz ak V H linker V L Ck 

P I I II I ^5i (no stop codon) 

Hu4 Hu3 Hu2 

Fig. 2. A general antibody construct for ARM ribosome display. Vh: variable region 
of antibody heavy chain. Vl: variable region of antibody light chain. Ck: constant 
region of human k light chain. Hu2, Hu3, and Hu4 are downstream primers for in situ 
RT-PCR recovery. 

2. Titan™ one tube RT-PCR system (Roche; Cat. #1888 382). 

3. TOPO TA cloning kit (Invitrogen; Cat. #K4500-01). 

4. Qiagen QIAEX II gel extraction kit (Qiagen; Cat. #20021). 

5. QIAquick PCR purification kit (Qiagen; Cat. #28104). 

6. TNT T7 quick for PCR DNA (Promega; Cat. #L5540). 

7. Expand HiFi DNA polymerase (Expand™ high-fidelity PCR system: Roche; Cat. 
#1732 641). 

8. Taq DNA polymerase (Qiagen; Cat. #201203). 

9. AMV reverse transcriptase (Promega; Cat. #M5101). 

10. 25 mM dNTPs: mix equal volumes of each 100 mM dNTP stock solution (Amer- 
sham Biosciences). 

11. 100 mM DTT (Titan™ one tube RT-PCR system: see item 2). 

12. Tosyl-activated Dynabeads M-280, 6.7 x 10 8 /mL or 10 mg/mL (Dynal Biotech; 
Cat. #142.03). 

13. Dynabeads M-280 streptavidin, 6.5 x 10 8 /mL or 10 mg/mL (Dynal Biotech; Cat. 
#112.05/06). 

14. RNase-free DNase I (Roche; Cat. #776 785). 

15. Agarose. 

16. 0.5-mL siliconized RNase-free microfuge tubes (Ambion; Cat. #12350). 

17. Sterilized, diethylpyrocarbonate (DEPC)-treated distilled water (ddl-^O): auto- 
claved Milli-Q water containing 0.1% (v/v) DEPC. 



10 uL 






4uL 






6 uL (see 


Tables 1- 


-5) 


6 uL (see 


Tables 1- 


-5) 


74 uL 






40 nl 






56 uL 
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2.3. Solutions 

1. One-tube RT-PCR Solution 1 (per 100 uL): 
100 mM DTT (from Titan™ kit) 
lOmMdNTPs 
Upstream primer (16 |XM) 
Downstream primer (16 \xM) 
ddH 2 
Store at -20°C. 

2. One-tube RT-PCR Solution 2 (per 96 U.L): 
5X RT-PCR buffer (from Titan™ kit) 
ddH 2 
Store at -20°C. 

3. Buffer A: 0.1 M sodium phosphate buffer, pH 7.4. 

4. Buffer D: buffer A containing 0.1% bovine serum albumin (BSA). 

5. Buffer E: 0.2 M Tris-HCl, pH 8.5, containing 0.1% BSA. 

6. Phosphate-buffered saline (PBS): 1.63 mMNa 2 HP0 4 , 1.47 mMKH 2 P0 4 , 2.68 mM 
KC1, and 136 mMNaCl, pH 7.4. 

7. EZ-link™ sulfo-NHS-LC-LC-biotin (Pierce; Cat. #21338). Solution is freshly 
made at a concentration of 1 mg/mL in water. 

8. Antigen solution (0.5-1 mg/mL) in PBS. 

9. 2X dilution buffer: PBS containing 10 mM magnesium acetate, stored at 4°C. 

10 Washing buffer: PBS containing 0.1% Tween 20 and 5 mM magnesium acetate, 
stored at 4°C. 

11. 10X DNase I digestion buffer: 400 mM Tris-HCl, pH 7.5, 60 mM MgCl 2 , 100 mM 
NaCl, autoclaved and stored at 4°C. 

12. 10% sodium azide. 

3. Methods 

3. 1. Antibody Library Construction 

Single-chain antibody libraries in the format of V H /K and V H AVVC K (see Note 
1) are constructed for ribosome display (Fig. 3). Vh/K is generated by linking the 
heavy-chain variable domain (Vh) to the complete k chain. VhAVVC k is made by 
linking Vh to a fusion of variable region of A, chain (VjJ and constant region of K 
chain (C K ). The heavy-chain "elbow" region, which is a continuation of the Vh 
domain, is used as the peptide linker to join heavy chains with light chains (8,11). 
The use of the "elbow" as a linker simplifies the process of library construction 
and avoids the introduction of nonhuman sequences. A T7 promoter and Kozak 
sequence are placed upstream to allow protein synthesis in the rabbit reticulocyte 
lysate. To generate stable ribosome complex, the stop codon is removed from the 
DNA using a primer lacking the stop codon (7,8). The C K domain provides a 
spacer region to allow an antibody fragment to be displayed on the surface of 
ribosome and to offer priming sites for RT-PCR recovery after selection. 
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Fig. 3. A strategy for the construction of Vh/K and Vh/Vx-C k PCR libraries from 
mRNA. The primer details are listed in Subheading 2.1. 



Isolate total mRNA from human peripheral blood lymphocytes (PBLs) using the 
mRNA purification kit according to manufacturer's instructions. 
Generate individual VH-linker, K, V\, and C K fragments by one-tube RT-PCR using 
the primers described under Subheading 2.1. Set up the one-tube RT-PCR mixture 
as follows: 

24|aL 
24 [ih 
1 (XL (see Note 2) 
1 H-L (10-50 ng). 



Solution 1 (see Subheading 2.3.) 
Solution 2 (see Subheading 2.3.) 
Enzyme mix (from Titan™ kit) 
mRNA 



A negative RT-PCR control (10 |lL) is also set up without adding mRNA. Carry out 
RT-PCR thermal cycling: 1 cycle of 48°C for 45 min, followed by 94°C for 2 min; then 
35 cycles of: 94°C for 30 s, 54°C for 1 min, 68°C for 2 min; finally, 1 cycle of 68°C for 
7 min, then hold at 10°C. 

3. Analyze 5-10 |0T of the RT-PCR products by electrophoresis on a 1-2% agarose 
gel containing 0.5 |lg/mL ethidium bromide. Purify individual DNA fragments of 
appropriate size (the expected size for Vh is -400 bp, k light chain should be -700 
bp, and V^ is -350 bp) using the QIAEX II gel extraction kit. 

4. Assemble the purified DNA fragments using PCR (see Fig. 3): 

a. To generate the random assembly of different Vh and light chains, individual 
fragments generated from family-specific primers (see Tables 1-3) are mixed in 
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equal amounts to form pooled Vn-linker fragments, pooled V^ fragments, and 
pooled k chains. 

b. Vjj/K is generated by PCR assembly of the Vjj-linker pool and k chain pool 
through the overlapping sequence between the two fragments. 

c. Vh/Va.-C k is produced in two assembly steps: first, the V\ pool is fused to C K to 
form Va.-C k , then V^-C K is fused to the Vn-linker pool to produce Vh/Vx-C k . 

5. Set up the reactions as follows: 

DNA fragment 1 (see Fig. 3) 5-25 ng 

DNA fragment 2 (see Fig. 3) 5-25 ng 

10X PCR buffer (from the Qiagen Taq kit) 2.5 uL 
5X Q solution (from the Qiagen Taq kit) 5 |iL 
2.5 mM dNTPs 1 uL 

Taq DNA polymerase 1 U 

ddH 2 to final volume 25 uL. 

Carry out 8 cycles of 94°C for 1 min; 54°C for 1 min; 72°C for 1 min. 

6. Add 2 uX of the previous reaction to the following mixture for PCR amplification: 

10X PCR buffer 5 uL 

5X Q solution 10 uL 

2.5 mM dNTPs 4 uL 

16 \\,M of upstream primer 1 .5 \xL 

1 6 \xM of downstream primer 1 .5 \lL 

Taq DNA polymerase 2.5 U 

Distilled H 2 to final volume 48 uL. 

Carry out 30 cycles of thermal cycling: 94°C for 30 s, 54°C for 1 min, 72°C for 1 
min; finally, 1 cycle of 72°C for 7 min, then hold at 10°C. 

7. Analyze the PCR products by agarose gel electrophoresis as described in step 3. 

8. Confirm integrity of the assembly product by PCR mapping. Elute the PCR product 
from the gel using the QIAEX II gel extraction kit and then carry out PCR using 
combinations of primers, which allow diagnosis of product integrity (see Note 3). 

9. Analyze diversity of the libraries by PCR cloning using the TOPO TA cloning kit, 
followed by DNA fingerprinting (14) and sequencing of individual clones (see 
Note 4). 

10. Store the libraries for subsequent selections (see Note 5). 

3.2. Preparation of Antigen-Coupled Magnetic Beads 

Antigen-coupled Dynabeads are used to capture specific ribosome com- 
plexes. Protein antigens can be linked either directly onto tosyl-activated Dyn- 
abeads or indirectly onto streptavidin Dynabeads through biotinylation. 

3.2. 1. Coupling of Antigen to Tosyl-Activated Dynabeads 

1 . Wash Dynabeads 3x with 0.5 mL of buffer A using a magnetic particle concentrator 
(Dynal MPC). A convenient amount to prepare is 0.5-1 mg (50-100 |lL) of beads. 

2. Mix the beads with antigen in proportions of 20 |lg antigen: 1 mg beads (100 |lL) 
and vortex for 1 min. Incubate at 37°C for 16-24 h with slow rotation. 
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3. Remove the supernatant and wash the beads twice with 0.5 mL of buffer D at 4°C for 
5 min, then treat with 0.5 mL of buffer E at 37°C for 4 h to block free tosyl groups. 

4. Wash once with 0.5 mL of buffer D at 4°C for 5 min and resuspend in the original 
volume (100 uL, see step 2) in buffer D containing 0.02% sodium azide. The anti- 
gen-coupled beads are ready for use, and can be stored for 3-4 mo at 4°C. 

3.2.2. Coupling of Biotinylated Proteins to Streptavidin Dynabeads 

1. Mix antigen solution in PBS with sulfo-NHS-biotin solution (1 mg/mL) in propor- 
tions of 25 Ug antigen: 1 (_Lg sulfo-NHS-biotin. Incubate the mixture at room tem- 
perature for 30 min. Remove unreacted sulfo-NHS-biotin by dialysis against two 
500-mL changes of PBS at 4°C overnight. The biotinylated protein can be stored at 
4°C until use. 

2. Wash 20 uL of streptavidin Dynabeads M-280 3x with buffer A as in Subheading 
3.2.1., step 1 and resuspend in 20 uL of PBS. Add 2 ug of biotinylated protein to 
the streptavidin Dynabeads M-280 in the proportions of 10 Ug biotinylated protein: 
1 (_Lg beads. Incubate the mixture at room temperature for 30 min. Remove the 
supernatant and wash beads 3x with 50 |0L of PBS. Finally, resuspend in the origi- 
nal volume (20 |lL) of buffer D containing 0.02% sodium azide. Beads may be 
stored at 4°C for 3-4 mo. 

3.3. ARM Ribosome Display 

The PCR libraries are expressed in a coupled rabbit reticulocyte lysate 
(TNT) system to generate ARM complexes. The amount of library needed for 
display depends on the antibody affinity to be selected: antibodies with higher 
affinity are more sensitively recovered, and thus require less input DNA. More 
DNA is required for low-affinity antibodies. Repeated cycles can enrich rare 
species from a library. The effective display size is determined by the number 
of active ribosomes which, in the TNT mix, are present at approx 10 14 /mL 
(supplier's information). As 1 ug of 1 kb DNA contains 9.1 x 10 11 molecules, 
up to 5 ug of PCR library can be used by the procedure described here. This 
system can be scaled up for a larger library display (see Note 6). 

1. Set up in vitro coupled transcription/translation to generate ribosome complexes. 
The following is a standard 50-uL mixture: 

TNT T7 Quick for PCR DNA 40 uL 

PCR DNA (from Subheading 3.1., step 7) up to 5 tig 
1 voM methionine (from TNT kit) 1 uL 

100 mM magnesium acetate 0.5 uL (see Note 7) 

ddH 2 to 50 UL 

Incubate at 30°C for 60 min. 

2. DNase I digestion to remove the input PCR fragment: to the mixture, add 40 U of 
DNase I together with 6 uL of 10X DNase I digestion buffer and dd^O to a final 
volume of 60 uL. Incubate the mixture at 30°C for an additional 15 min. 
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3. Dilute the mixture with 60 |lL of cold 2X dilution buffer. 

4. Add 1-2 |0,L of antigen-linked beads to the mixture and incubate at 4°C for 1-2 h 
with gentle shaking or vibration. 

5. Wash the beads 5x with 100 |lL of cold washing buffer, followed by two washes 
with 100 |^L of cold ddH 2 0. 

6. Resuspend the selected beads in 10 [iL of ddH 2 for RT-PCR. 

7. Carry out the in situ RT-PCR recovery as follows: 

a. Set up the RT-PCR mixture: 

Solution 1 (see Subheading 2.3.) 50 |lL 
Solution 2 (see Subheading 2.3.) 48 \lh 
Enzyme mix 2 |iL (see Note 2) 

b. Dispense 10-20 |lL of the previous mixture (see Note 8) into tubes for each 
individual sample and then add 2 |iL of the selected beads. Carry out thermal 
cycling as follows: 1 cycle of 48°C for 45 min, followed by 94°C for 2 min; then 
30-40 cycles of 94°C for 30 s, 54°C for 1 min, and 68°C for 2 min; finally, 1 
cycle of 68°C for 7 min, then hold at 10°C. 

8. Analyze the RT-PCR products by agarose electrophoresis as described in step 3 
(see Notes 9 and 10). 

9. Recover the DNA fragments from the agarose gel using Qiagen gel extraction kit 
and re-amplify the DNA product by PCR for further manipulations such as repeat- 
ing the display cycle or cloning and E. coli expression (see Note 11). 

4. Notes 

1. Although only the formats Vh/K and V[/VVC K are described in this chapter, the 
method is in principle equally applicable to other forms of single-chain antibodies, 
provided that a spacer domain is present at the C-terminus. The spacer should con- 
tain at least 30 amino acid residues to allow the Vj/Vl domain to be exposed on the 
ribosome surface. 

2. The one tube RT-PCR can be carried out with comparable efficiency using AMV 
reverse transcriptase and Expand HiFi DNA polymerase in combination with the 
Titan™ RT-PCR buffer. For example, to a 50-|lL RT-PCR reaction, 4-5 U (0.5 |lL) 
of AMV reverse transcriptase and 2 U (0.5 |lL) of Expand HiFi polymerase are 
added to the mixture. 

3. PCR mapping is carried out by using combination of primers from different posi- 
tions in the construct. If all PCR fragments show the expected size, it indicates that 
the correct construct has been obtained. 

4. In general, library diversity is examined by analysis of individual clones using 
DNA fingerprinting first and then DNA sequencing. DNA fingerprinting is a simple 
and rapid way to analyze unique clones. Clones that show different restriction pat- 
terns should have different sequences. We usually sequence 50 clones to analyze 
the distribution of various gene families and lengths of CDR3. 

5. The PCR libraries are usually stored in ddH^O at -20°C for routine use. For long- 
term storage, ethanol-precipitate the DNA and store dry at -20°C. 
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6. The volume of TNT mixture used for ribosome display can be scaled up to 100 |0T 
or down to 20 |iL without significant reduction in recovery efficiency. 

7. Magnesium acetate concentration added to TNT mixture during translation affects 
ARM generation and recovery. We have shown that antibodies can be more efficiently 
displayed and recovered with magnesium concentrations ranging from 0.5-2 mM. 

8. PCR and RT-PCR can be performed in 10-100 |lL according to applications. A 
negative control lacking a template should be always included in every experiment 
to evaluate DNA or mRNA contamination. 

9. Nonspecific DNA recovery can occur for a number of reasons, including carryover 
of input DNA (despite DNase I digestion), nonspecific binding of ARMs or mRNA 
to beads through the washing procedure, or inadequate coating and blocking of the 
Dynabeads. PCR (RT-omitted) of the Dynabeads after selection can be used to 
detect contamination from input DNA. If necessary, further DNase I digestion on 
the Dynabeads may then be carried out to remove DNA completely. Increasing the 
number of washes, particularly using ddl-^O, can reduce background nonspecific 
binding of the complexes to beads. 

10. Sometimes no RT-PCR product is detected after ribosome display cycle. This may 
merely indicate that the species being selected is rare and that further cycles are 
required. However, other factors can account for lack of recovery, including the 
efficiency of RT-PCR, DNA transcription/translation, RNA degradation or func- 
tionality of the nascent protein. The use of a standard internal control mRNA can 
monitor RT-PCR efficiency. It is possible to add RNase inhibitors to the washing 
buffer to prevent mRNA degradation when necessary. 

11. The number of cycles required to detect enrichment depends on the nature of the 
antigen and library diversity. Enrichment usually refers to the relative increase of a 
target molecule to background after selection. It can be estimated by comparing the 
ratios of input DNA and recovered DNA in each cycle. Generally, 3-5 cycles 
should be sufficient to enrich a target from a library. 
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Production of Human Antibodies 
from Transgenic Mice 
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1. Introduction 

Mice transgenic for human immunoglobulin genes offer the opportunity to 
investigators to derive fully human antibodies using well-established 
hybridoma technology. Several different strains of such mice are available, and 
can be obtained under certain conditions from various commercial entities 
(1-3). The brand names of these mice include XenoMouse®, HuMAb® Mouse, 
TC™ mouse, and KM™ mouse. The leading transgenic mice all share certain 
properties. These include the following: 

1. the endogenous murine heavy-chain locus has been inactivated by knocking out 
either all of the Jh genes or the C u gene (4); 

2. the endogenous murine kappa light-chain locus has been inactivated by knocking 
out the Jk and/or the C K genes; 

3. the endogenous murine lambda light-chain locus remains intact and functional; 

4. the human heavy-chain transgene contains, at minimum, the majority of the human 
Vjj genes, all the D genes, all the Jh genes, C Uj Cg, and at least one Cy gene, 
together with regulatory elements; and 

5. the human kappa light-chain transgene contains the majority of the human V K 
genes, all the J K genes, and the C K gene, together with regulatory elements. 

The human transgenes have been shown to be fully compatible with the 
murine recombination machinery (5-6). There is normal assembly of recom- 
bined V regions through the recombination of, in the case of the heavy-chain 
locus, human Vh, D, and Jh genes and, in the case of the light chain locus, 
human V K and J K genes. In both cases, N addition — i.e., the insertion of ran- 
dom nucleotides — occurs at the junctions. Yet, as is the case with humans, this 
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is more predominant in rearranged heavy-chain genes than in rearranged light- 
chain genes. Because it has access to multiple genetic elements and because it 
uses normal N addition, the recombination process in those human 
immunoglobulin transgenic mice with a majority of the human V-gene reper- 
toire generates tremendous antibody diversity, comparable to that of humans. 

Further, the human heavy-chain loci undergo normal class switching (1,6). 
Thus, in the course of B-cell development, surface immunoglobulin expression 
proceeds from co-expression of IgM and IgD to expression of a downstream 
heavy-chain class. The available selection of downstream heavy-chain classes 
depends upon the strain of mouse. The heavy-chain loci of the KM™ mice and 
TC™ mice have been introduced intact as minichromosomes. Thus, all human 
antibody classes and isotypes of heavy chains are available for class switching. 
However, it should be noted that mature IgM and IgA antibodies — in addition 
to heavy and light chains — also incorporate the J chain, which is encoded on a 
different chromosome and is of murine origin in all the transgenic mouse 
strains. IgA antibodies also can carry the secretory component, which also 
would be of murine origin in these transgenic mouse strains. 

The XenoMouse® label actually applies to a collection of mouse strains. In all 
the XenoMouse® strains, the heavy -chain locus has been integrated into the mouse 
genome in the context of a yeast artificial chromosome (YAC) rather than as a 
minichromosome. These YACs have been engineered with the intention of con- 
straining class switching from IgM to a single IgG isotype. Thus, there are individ- 
ual XenoMouse® strains for the three IgG isotypes considered to be useful for 
therapeutics — IgGl, IgG2, and IgG4. The strain of transgenic mouse used influ- 
ences the selection of screening reagents and the application of their antibodies. 

With regard to light-chain composition, the kappa light-chain loci in all the 
available transgenic mouse strains are similar, and merit no special strain-spe- 
cific considerations in screening. However, it is important to be aware that the 
murine lambda locus remains intact. As a result, the formation of human-mouse 
hybrid antibodies containing a human heavy chain and a murine lambda light 
chain can and does occur. The frequency of these hybrid antibodies is typically 
similar to that of IgA, + B cells in normal mice, about 5%. The presence of such 
hybrids, although minor, mandates the incorporation of a screen that is specific 
for human kappa light chains to ensure the recovery of fully human antibodies. 

Certain strains of human antibody transgenic mice, such as the XenoMouse®- 
KL strains, either in addition to or in place of a human kappa light-chain trans- 
gene, contain a human lambda light-chain construct. These mice also merit 
special consideration in the screening of their antibodies and, for this reason, a 
screen for human lambda light chains is included. 

Investigators experienced in the generation of murine monoclonal antibodies 
(MAbs) will note that many of the protocols provided here, such as those for 
antigen preparation and for hybridoma fusion, can be equally well applied to 
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either normal mice or human antibody transgenic mice. Our approach in writing 
this chapter has been to provide a start-to-finish manual containing all the steps 
necessary for successfully using transgenic mice to derive fully human antibod- 
ies. Although the techniques we have detailed were developed specifically in 
conjunction with the XenoMouse® technology, we have every reason to believe 
that they should be applicable to other strains of human antibody transgenic 
mice. Typically, the supplier will also provide standard protocols when shipping 
the mice. These protocols should be examined, and any variations from the tech- 
niques described in the following section should be carefully considered. 

2. Materials 

2. 1. Preparation of Whole Cells for Immunization 

1. Sterile phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KC1, 1.13 g Na 2 HP0 4 , 0.2 
g KH 2 P0 4 , add distilled H 2 to dissolve, adjust pH to 7.2 with 1 N HC1; q.s. to 1 L 
with distilled H 2 0. 

2. Sterile microfuge tubes. 

2.2. Immunization 

1. PBS. 

2. Complete Freund's adjuvant (Sigma; Cat. #F-5881). 

3. Incomplete Freund's adjuvant (Sigma; Cat. #F-5506). 

4. 70% ethanol. 

2.3. Preparation of Lymphoid Cells 

1. Dulbecco's Modified Eagle's Medium (DMEM) (4,500 mg/L glucose, 110 mg/L 
sodium pyruvate, no L-glutamine) (JRH Biosciences; Cat. #51444-79P), sterile- 
filtered. 

2. Hybridoma medium: 15% fetal bovine serum (FBS) (qualified, heat-inactivated, 
hybridoma-tested) (Hyclone; Cat. #SH30070.03), 1% 200 mM L-glutamine 
(Sigma; Cat. #G2150), 1% 100X Non-essential amino acid solution for MEM 
(Sigma; Cat. #M 7145), 1% 100X Pen/Strep (10,000 U/mL penicillin + 10 mg/mL 
streptomycin) (Sigma; Cat. #P7539), 10 U/mL IL-6 (stock at 200,000 U/mL) 
(Boehringer Mannheim; Cat. #1299972), 1 vial/L OPI media supplement (oxaloac- 
etate, pyruvate, bovine insulin) (Sigma; Cat. #05003). 

3. Hybridoma fusion medium (1/2 HA): 1 L of 50x HA (Sigma, Cat. #A9666), 1 L of 
Hybridoma medium. 

4. Sterile, conical 50-mL centrifuge tubes. 

5. ACK Lysis solution: 0.15 M NH 4 CI, 1.0 mM KHCO3, 0.1 mM Na 2 EDTA, sterile- 
filtered with 0.22-um filter. 

6. 70% ethanol. 

7. Cell strainers, 70 urn (Falcon; Cat. #352350). 

8. Pyrex brand tissue grinders (Fisher; Cat. #08-414-10C). 

9. Water-jacketed incubator (Forma Scientific; 37°C, 10% C0 2 ). 
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2.4. Separation of B Cells 

1. DMEM, sterile-filtered. 

2. Mouse CD90 + magnetic beads (Miltenyi Biotech; Cat. #491-01). 

3. LS + column (Miltenyi Biotech; Cat. #424-01). 

2.5. Cell Fusion 

1. DMEM, sterile-filtered. 

2. P3 or other myeloma cells — e.g., P3X63Ag8.653 (American Tissue Type Collec- 
tion; Cat. #CRL-1580). 

3. Hybridoma fusion medium (1/2 HA; see Subheading 2.3.). 

4. PEG solution: 50% PEG 1,500 (Boehringer Mannheim; Cat. #783 641). 

5. Sterile conical 15-mL centrifuge tubes. 

6. Sterile 96-well tissue-culture plates (Costar; Cat. #3799). 

2.6. Primary Screening for Antigen Binding 

1. PBS. 

2. Positive/negative control antibodies (antigen- specific). 

3. Goat anti-hlgGFc horseradish peroxidase (HRP) (Caltag; Cat. #H10507). 

4. Plate-coating buffer: 0.1 M carbonate buffer, pH 9.6 (8.4 g/L NaHC0 3 ). 

5. Blocking buffer: 0.5% bovine serum albumin (BSA), 0.1% Tween 20, 0.01% 
Thimerosal in PBS. 

6. 3,3',5,5'-Tetramethylbenzidine (TMB) solution (BioFX Lab; Cat. #TMSK-0100-01). 

7. TMB stop solution (BioFX Lab; Cat. #STPR-0100-01). 

8. Washing buffer: 0.05% Tween 20 in PBS. 

9. Hybridoma medium (see Subheading 2.3.). 

10. 96-well enzyme-linked immunosorbent assay (ELISA) plates (Fisher; Cat. #12- 
565-136). 

11. Sterile 24- well tissue-culture plates (Costar; Cat. #3526). 

12. Streptavidin-coated plates (Fisher, Cat. #07-200-766 or #07-201-146). 

13. ELISA plate reader, SPECTRAmax PLUS (Molecular Devices). 

2.7. Secondary ELISA Screening 

1. Items listed under Subheading 2.6. 

2. Goat anti-hkappa-HRP (Southern Biotechnology; Cat. #2060-05). 

3. Goat anti-hlambda-HRP (Southern Biotechnology; Cat. #2070-05). 

2.8. Hybridoma Cloning 

1. Hybridoma medium (Subheading 2.3). 

2. Flat-bottomed 96-well tissue-culture plates (Costar; Cat. #3799). 

3. Methods 

3. 1. Preparation of Whole Cells for Immunization 

1. Harvest about 1 x 10 9 cells expressing the antigen of interest (see Note 1). 

2. Suspend in serum-free buffer (e.g., sterile PBS) at 6 x 10 7 cells/mL. 
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3. Dispense 1-mL volumes into 18 sterile 1.5-mL microfuge tubes. 

4. Spin down cell pellet and wash cells, by resuspension then centrifugation, 3x with 
sterile phosphate-buffered saline (PBS). 

5. Pellet cells and remove final wash buffer. 

6. Freeze cell pellets and store at -80°C. 

3.2. Immunization 

1. For whole-cell immunization, resuspend two cell pellets using 600 |lL of PBS per 
tube (10 7 cells/100 |lL). For soluble antigens, adjust protein concentration, if nec- 
essary, to 0.1 mg/mL. For the first immunization, emulsify antigen in Complete 
Freund's Adjuvant at a 1:1 (v:v) ratio according to manufacturer's directions. 

2. For each mouse, inject appro x 25 |iL into the skin pad at each side of the base of the 
tail and 50 |lL by the intraperitoneal route (see Note 2). 

3. Repeat immunizations at intervals of 2 wk (see Note 3). 

3.3. Preparation of Lymphoid Cells 

1. On the day prior to the fusion, it is important to take several preparatory steps. 
Make sure that there is a clean, empty incubator for fusion plates. Wipe down sur- 
faces with 70% ethanol. Empty water pan, clean with ethanol, and fill with 2-3 L of 
autoclaved, deionized H2O. Make 1 L of 1/2 HA fusion medium. Filter 1 L of 
DMEM. Prepare two conical 50-mL tubes with -15 mL of DMEM and leave in the 
refrigerator (this medium will be used to harvest the spleens and lymph nodes). 
Autoclave two tissue grinders in autoclave bags. 

2. Tissue grinders are used to dissociate the lymphoid cells. In a sterile laminar flow 
hood, open the autoclave bag containing both parts of the tissue grinder, and place 
the glass tube part in a 50-mL tube rack. Transfer 15 mL of chilled DMEM (from 
step 1) into each glass tube. Place the pestle of each tissue grinder inside a 50-mL 
sterile centrifuge tube also in the tube rack. 

3. Using the standard technique of cervical dislocation, sacrifice the five high- titer 
mice selected (Subheading 3.2.)- 

4. Harvest the spleens and pool them into 15 mL of chilled DMEM in the glass tube 
of one of the tissue grinders. 

5. Harvest the popliteal and inguinal lymph nodes (one also can harvest the lumbar, 
thoracic, and ankle lymph nodes to be thorough) from the five mice and pool them 
with 15-20 mL of DMEM into the glass tube of the second tissue grinder. 

6. To dissociate the lymphoid cells in the two tubes, insert the grinder into the glass 
tube and grind the tissue by moving the grinder up and down and twisting it. Con- 
tinue grinding until the grinder can be pushed to the bottom of the tube and the 
color of the tissue is white. At that point, almost all of the cells are released from 
the tissue. Without taking out the grinder, pour the supernatant through a 70-|0m 
cell strainer into a new 50-mL sterile centrifuge tube. Add DMEM to the cell sus- 
pension up to a total volume of 40-50 mL. Centrifuge at 800g for 5-7 min. 

7. For the spleen-cell suspension only, it is necessary to lyse the red blood cells. This 
is accomplished by first removing the supernatant and then resuspending the cell 
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pellet gently but completely with 10 mL of ACK lysis solution. Next, add more 
ACK lysis solution up to a total volume of 30-40 mL. Let stand for 1-2 min before 
centrifuging at 800g for 5-7 min. Resuspend the cell pellet with 10 mL of DMEM. 
Add more DMEM up to a total volume of 40 mL. Filter spleen-cell suspension 
through a 70-|0m cell-filter into a new 50-mL sterile centrifuge tube. Centrifuge at 
800g for 5-7 min. For both preps, remove the supernatant and gently resuspend the 
cell pellet with 10 mL of DMEM. Add more DMEM up to a total volume of 40-50 
mL. Centrifuge at 800g for 5-7 min. Remove the supernatant and resuspend in 10 
mL of DMEM. 
8. Count the cells (see Note 4). 

3.4. Separation of B Cells 

1. Centrifuge the cells in each tube at 800g for 5-7 min. Add 0.9 mL of DMEM per 
10 8 lymphocytes to the cell pellet. Resuspend the cells gently but completely. 

2. Add 100 [iL of CD90+ magnetic beads per 10 8 cells (the CD90+ beads remove T- 
cells, thereby enriching for B-cells). Mix gently and well. 

3. Incubate the cells with the magnetic beads at 4°C for 15 min. During the incuba- 
tion, prewash the LS + magnetic column with 3 mL of DMEM. 

4. After the 15-min incubation, pipet the magnetically labeled cell suspension con- 
taining up to 10 8 positive cells (or up to 2 x 10 9 total cells) onto the LS + column. 
Allow the cell suspension to run through and collect the effluent as the CD90-neg- 
ative fraction. 

5. Wash the column with 3x3 mL of DMEM and collect the total effluent as the 
CD90-negative fraction (most of these cells are B cells). 

3.5. Cell Fusion 

1. Warm 1/2 HA fusion medium and filtered DMEM in a 37°C water bath. Put PEG 
solution in a 37°C incubator (see Note 5). 

2. Harvest myeloma cells in a sterile centrifuge tube (either a 50-mL or a 250-mL 
tube, based on the number of cells harvested). Centrifuge at 800g for 5 min, remove 
supernatant, and resuspend in DMEM. Repeat wash and count cells. Keep in incu- 
bator until needed. 

3. Combine P3 or other myeloma cells and B cell-enriched lymph nodes/spleen cells 
(from Subheading 3.4.) in a ratio of 1:5 (myeloma : lymph nodes/spleen cells) into 
a 50-mL conical tube. Mix well. Add more DMEM up to 40 mL if necessary (see 
Note 6). 

4. Combine myeloma cells and lymph nodes/spleen cells in a ratio of 1:5 
(myeloma:lymph nodes/spleen cells) into a 50-mL conical tube. Mix well. Add 
more DMEM up to 40 mL if necessary. 

5. Centrifuge at 800g for 5-7 min. During centrifugation, bring the warmed 15-mL 
conical tube with 12 mL of DMEM in a beaker with 37°C water from the water 
bath into the hood. Also bring the PEG solution from the incubator into the hood. 

6. After centrifuging, immediately remove supernatant. Caution: It is important to 
remove all supernatant from this cell pellet. 
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7. Using a timer, follow these fusion steps: 

a. Add 1 mL of PEG solution to cells over 1 min, while stirring slowly; 

b. Stir gently with the pipet for 1 additional min; 

c. Add 2 mL of DMEM over 2 min while stirring slowly; 

d. Add 8 mL of DMEM over 3 min while stirring slowly. 

8. Centrifuge at room temperature, 400g for 5 min. 

9. Remove supernatant. Add to the cell pellet the appropriate amount of 1/2 HA 
fusion medium based on the number of plates needed (18 mL for each fusion plate) 
(see Note 7). 

10. Gently resuspend the cells and add 200 |iL/well into 96- well plates or 50 |iL/well in 
3 84-well plates. 

3.6. Primary Screening for Antigen Binding 

1. Coat an appropriate number of ELISA plates with 50 |iL/well of soluble antigen at 
0.2-2 |^g/mL in plate coating buffer or 100-300 ng/mL of biotinylated antigen if 
using a streptavidin-coated plate (see Note 8). Incubate at 4°C overnight or at 37°C 
for 2 h for soluble antigen or incubate at room temperature for 30 min for biotiny- 
lated antigen. Wash the plates 3x with washing buffer. 

2. Add 200 |lL/well of blocking buffer to each well and incubate at room temperature 
for 1 h. Wash the plates 3x with washing buffer. 

3. Add 50 |0L/well of hybridoma supernatant sample and positive and negative con- 
trols, and incubate at room temperature for 2 h (see Note 9). Wash the plates 3x 
with washing buffer. 

4. Add 100 |iL/well of secondary antibody goat anti-huIgGFc-HRP (dissolved diluted 
in blocking buffer or PBS). Incubate at room temperature for 1 h. Wash the plates 
3x with washing buffer. 

5. Add 100 |jL/well of TMB solution. Allow color to develop for about 10 min (until 
negative control wells barely start to show color). 

6. Add 50 |lL/well of TMB stop solution and read on an ELISA plate reader at wave- 
length 450 nm. 

7. Transfer cells from positive wells of 96-well fusion plates to fresh 24-well plates. 
Transfer the entire cellular contents from the well of a 96-well plate into a 24-well 
plate well with 1 mL of hybridoma medium and culture for approx 48 h. 

3.7. Secondary ELISA Screening 

1. Coat a number of ELISA plates equal to twice the number of culture plates with 50 
jaL/well of soluble or biotinylated antigen, using same conditions as that used for 
primary screening (see Subheading 3.6. and Note 10). 

2. Wash the plates 3x with washing buffer. Add 200 |0L/well of blocking buffer to 
each well and incubate at room temperature for 1 h. Wash the plates 3x with wash- 
ing buffer. 

3. Add 50 |0L/well of hybridoma supernatant sample and positive and negative con- 
trols (see Note 9) to each of the two sets of plates and incubate at room temperature 
for 2 h. Wash the plates 3x with washing buffer. 
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4. Add 100 |lL/well of secondary antibody goat anti-huIgGFc-HRP to one set of 
plates and goat anti-hkappa-HRP or goat anti-hlambda-HRP (depending on the 
strain of mice used for immunization) to the second set. Incubate at room tempera- 
ture for 1 h. Wash the plates 3x with washing buffer. 

5. Add 100 |lL/well of TMB solution. Allow color to develop for about 10 min (until 
control wells barely start to show color). 

6. Add 50 |lL/well of TMB stop solution and read on an ELISA plate reader at wave- 
length 450 nm. 

3.8. Hybridoma Cloning 

1. Count cells from each line to be cloned (see Note 11). Based on the concentration 
of cells, calculate a serial dilution to make the following concentrations of cells in 
hybridoma media: 

a. 10 cells/well x 96 wells = 960 cells in 20 mL. 

b. 5 cells/well x 96 wells = 480 cells in 20 mL. 

c. 1 cell/well x 96 wells = 96 cells in 20 mL. 

d. 0.5 cells/well x 96 wells = 96 cells in 40 mL for 2 plates. 

2. Plate at 200 |lL/well in flat-bottom, 96-well tissue-culture plates. Generate a total 
of five plates of four different densities for each line cloned as follows: 

a. 10 cells/well x 1 plate. 

b. 5 cells/well x 1 plate. 

c. 1 cell/well x 1 plate. 

d. 0.5 cell/well x 2 plates. 

3. The cloning plates are usually screened within 2 wk after cloning. Visually inspect 
plates under a microscope. Using a permanent marker, circle up to 20 wells in 
which only a single colony grows in each well, starting with the lowest density- 
wells, which are most likely to contain clonal populations. The high-density series 
is primarily plated for rescue, so that few or no clones are lost in this process. 

4. Test the supernatants from the circled wells according to Subheading 3.7. to con- 
firm antigen reactivity as well as the presence of human heavy and light chains. 

5. Based on the screening results, select three clones from each line. Make frozen 
stocks using standard procedures. 

4. Notes 

1. Although soluble protein is typically preferable for immunization, whole cells 
expressing the antigen can also be used. In this latter case, it is preferable to use 
murine cells expressing 30,000 or more copies per cell of the target antigen. This 
protocol will provide sufficient cells for immunizing a single cohort of ten mice. 

2. Injections are made at two sites, into the thick skin pad at the base of the tail (sub- 
cutaneous base-of-tail immunization) and into the peritoneal cavity (intraperitoneal 
immunization). Multiple subcutaneous injections near draining lymph nodes also 
have proven to be very productive, and are often amenable to an accelerated immu- 
nization schedule. For base-of-tail injections, the animal is restrained in a specially 
designed device that allows for exposure of the tail. The site of the injection is the 
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back of the mouse just above the junction with the tail. The area is swabbed with 
70% ethanol and the needle is inserted at a very shallow angle to avoid penetrating 
muscle or other tissues. Note that each mouse receives 10 7 cells or 10 |^g of soluble 
protein. 

3. For all subsequent immunizations, use Incomplete Freund's adjuvant in the same 
proportions. Serum titers should be assayed (see Subheading 3.6.) approx 1 wk 
after the third immunization to determine whether additional immunizations are 
necessary prior to fusion. Once five mice have reached a sufficient titer, typically 
with an antigen-specific signal 3x over background at a 1:1,000 or greater dilution 
of serum, these mice may be selected for fusion. They should receive a boost 
immunization 4 d prior to the day scheduled for fusion. It is recommended that 
immunizations of the remaining mice be continued at 2-wk intervals so that they 
can be used for a subsequent fusion. 

4. One should expect to recover 200-250 x 10 6 total lymphocytes from the lymph 
nodes of five immunized mice. There are approx 1-2 x 10 8 total lymphocytes 
recovered from each spleen. 

5. Electro-cell fusion can be used in place of the PEG method and will typically result 
in markedly higher fusion efficiencies, but requires investment in additional instru- 
mentation. Details of this procedure are supplied with shipments of XenoMouse® 
animals. 

6. Other frequently used myeloma fusion partners are SP2/0 and NS0. 

7. The number of plates depends on the number of lymph node/spleen cells: usually 
we plate 1 x 10 6 cells/plate, in 96- or 384-well plates. The low plating density is 
important because it frequently yields a single successful fusion per well. Thus we 
are removing any selective pressure from competing clones so that the greatest 
number of hybridomas is recovered for each fusion. 

8. If the target is a membrane protein, it is preferable to use flow cytometric- or fluo- 
rometric microvolume assay technology (FMAT)-based screening employing a 
transfected cell line expressing 30,000 or more copies per cell and parallel screen- 
ing on the negative control parental line. 

9. Typically our positive controls are commercially available Abs, hybridoma super- 
natants generated in-house, or antigen-specific serum from immunized mice. 
Hybridoma medium constitutes the negative control solution added to the wells. 

10. The purpose of this secondary screen is twofold, to confirm antigen reactivity and 
to confirm that the selected cell lines are expressing fully human antibodies. In this 
procedure, positive lines for the primary screen will be separately tested for the 
presence of both human heavy chains and human light chains. In addition, a third 
plate set may be made for confirming specificity. For example, if the immunogen 
had a carrier or expression tag, it will be necessary to screen all of the positive wells 
from the primary screen against the carrier or tag itself or by screening against an 
irrelevant protein with the same carrier or tag. 

11. Hybridomas that have tested positive for antigen binding and the presence of 
human heavy and light chains should be cloned as quickly as possible in order to 
prevent loss from overgrowth of negative cells. The limiting dilution method is a 
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commonly used method for cloning and subcloning hybridoma cells. Note that 
cells should also be frozen down at this point using standard procedures. 
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Selection of Internalizing Antibodies 
for Drug Delivery 

James D. Marks 

1. Introduction 

Large non-immune (naive) antibody gene diversity libraries displayed on 
filamentous phage have proven to be a reliable source of antibodies to any puri- 
fied protein antigen (1-3). In some instances, it is possible to directly select 
peptides and antibody fragments that bind cell-surface receptors from filamen- 
tous phage libraries by incubation of phage libraries with a target cell line 
(4-8). This has led to a marked increase in the number of potential cell-target- 
ing molecules. However, the isolation of cell type-specific antibodies from 
naive libraries has been difficult because selections often result in crossreactive 
antibodies that bind to common cell-surface antigens (9). 

The ability of bacteriophage to undergo receptor-mediated endocytosis (5,70) 
indicates that phage libraries might be selected not only for cell binding, but also 
for internalization into mammalian or other cells. Such an approach would be 
particularly useful for generating ligands that could deliver drugs or toxins into a 
cell for therapeutic applications. Recently, a methodology has been developed 
(11) that allows isolation of specifically internalized phage and excludes phage 
that is merely bound to the cell surface. In the model system studied, phage could 
be selected on the basis of endocytosis, and enrichment ratios were significantly 
greater when phage were recovered from within the cell rather than from the cell 
surface. Enrichment ratios were also significantly higher when the phage were 
capable of crosslinking receptors, rather than merely binding. Crosslinking 
occurs when either bivalent antibody fragments such as diabodies are displayed 
in a phagemid system, or when scFv are displayed in a true phage vector. Thus, 
naive antibody fragment libraries that are displayed using phage vector systems 
may prove more useful for the generation of internalizing antibodies than anti- 
body fragments displayed using phagemid systems (12,13). 
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This strategy of selection for internalization was employed to select scFv 
from a large naive library (2) capable of undergoing endocytosis into breast 
tumor cells upon receptor binding (14). Upon analysis of a large number of dif- 
ferent antibodies isolated in this way, distinct cell-surface antigens recognized 
by the scFv were identified. Several of the scFv recognized the ErbB-2 growth- 
factor receptor, and another scFv bound the transferrin receptor. Interestingly, 
both the ErbB-2 and the transferrin receptors are rapidly internalized, and are 
specific markers for a number of cancers. Both the phage antibodies and the 
native scFv were rapidly endocytosed into cells that expressed the appropriate 
receptor. It is likely that selection on other cell types will identify cell-specific 
markers, because endocytosed receptors are more likely to be associated with 
specific cell functions (such as growth factor and nutrient transport receptors 
on cancer cells or Fc receptors on cells of the immune system). 

Internalizing antibodies (or fragments of antibodies) are also required for 
many targeted therapies, such as targeted drugs (toxins, RNases, radioiso- 
topes), targeted liposome therapy (e.g., for delivery of chemotherapeutics) or 
for targeted delivery of genes (especially of non-viral vectors). Not all antibod- 
ies that bind internalizing receptors are rapidly internalized. Rather, only anti- 
bodies to certain epitopes trigger internalization (14). Recently, we have 
demonstrated that scFv antibody fragments selected for internalization using 
the protocols described here can be adapted for targeted drug delivery for can- 
cer therapy (15). 

The strategy described here has aided us in isolating a number of cancer cell- 
specific antibodies. We have also used the protocol to isolate antibodies to the 
epidermal growth factor (EGF) receptor stably expressed on Chinese hamster 
ovary (CHO) cells (16). All of the isolated antibodies have proven to be rapidly 
internalized into cells that express the target antigens, something that we did 
not observe with antibodies to the same receptors selected on recombinant anti- 
gen using traditional panning strategies (14). The protocols used for this type of 
selection are outlined here. 

2. Materials 

2. 1. Selection of Internalizing Antibodies from Phage Libraries 

1. Appropriate mammalian cell-culture media. 

2. Phage antibody library (see Chapters 6 and 8). 

3. Glycine stripping buffer: 50 mM glycine, pH 2.5, 500 mM NaCl. 

4. Phosphate-buffered saline (PBS): 154 mM NaCl, 8.1 mM Na 2 HP0 4 , 1.9 mM 
NaH 2 P0 4 , pH 7.4. 

5. IX trypsin/ethylenediaminetetraacetic acid (EDTA) solution (Sigma; Cat. 
#T3924). 

6. 0.5MTris-HCl, pH 7.4. 
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7. 100 mM triethylamine. 

8. Exponentially growing E. coli strain TGI (Stratagene). 

9. TYE/amp/glu plates: 100- and 150-mm TYE agar plates containing 100 |lg/mL 
ampicillin and 2% glucose. 

10. 2X TY media: dissolve 16 g of bacto-tryptone, 10 g of yeast extract, 5 g of NaCl in 
1 L of distilled water; autoclave the solution. 

11. 2X TY/amp/glu media: 2X TY media containing 100 |ig/mL ampicillin and 2% 
glucose. 

12. 50% glycerol, sterile-filtered. 

2.2. Detection of Phage or ScFv Internalization 
by Fluorescence Microscopy 

1. 15-mm round cover slips, sterile. 

2. Sterile 6-well tissue-culture plates. 

3. Appropriate mammalian cell-culture media. 

4. Monoclonal phage preparations, sterile-filtered. 

5. PBS. 

6. Glycine stripping buffer (see Subheading 2.1.). 

7. PBS containing 4% paraformaldehyde. 

8. Cold 100% methanol. 

9. PBS containing 1% bovine serum albumin (BSA). 

10. Biotinylated anti-mouse Fc antibody (Amersham Biosciences). 

11. Anti-myc antibody 9E10 (Santa Cruz). 

12. Biotinylated anti-M13 antibody (Amersham Biosciences). 

13. Streptavidin-Cy3 (Sigma; Cat. #S6402). 

14. VECTOR shield containing DIAP (Vector Labs). 

2.3. Detection of Phage Internalization 

by Green Fluorescent Protein (GFP) Reporter Gene Expression 

1. Appropriate mammalian cell-culture media. 

2. Monoclonal phage preparations, sterile-filtered. 

3. PBS. 

4. Six-well tissue-culture plates. 

5. PBS containing 2% fetal calf serum (FCS). 

6. IX trypsin/EDTA solution. 

7. Fluorescent microscope or flow cytometer. 

3. Methods 

3. 1. Selection of Internalizing Antibodies from Phage Libraries 

3. 1. 1. Phage Binding to Target Cells 

1. Incubate subconfluent target cells plated in a 20-cm plate with 1 mL of the phage 
library (1 x 10 13 pfu total phage) in 20 mL of cold cell-culture medium at 4°C for 
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1.5 h. The cell-culture media should be the same media that the cells were cultured 
in (see Note 1). 

2. Wash gently 6x with 25 mL of PBS at room temperature. 

3. Add 30 mL of prewarmed culture medium. Incubate at 37°C for 45 min to allow 
internalization. 

3. 1.2. Removal of Cell-Surface Bound Phage 

1. Strip the cell surface of non-internalized phage by three 10-min washes with 20 mL 
glycine stripping buffer. Keep the glycine washes for phage titering (see Note 2). 

2. Wash cells with 30 mL of PBS to neutralize. 

3. Add 5 mL of trypsin/EDTA and incubate at 37°C until cells detach. Add 10 mL of 
PBS to the culture plate and transfer cells to a 15-mL centrifuge tube. Pellet cells 
by spinning at 500g for 5 min. Discard the supernatant. 

4. Lyse the cell pellet by resuspending in 1 mL of 100 mM triethylamine and incubat- 
ing at room temperature for 5 min. Neutralize with 1.5 mL of 0.5 M Tris-HCl, pH 
7.4. 

3. 1.3. Re-infection of the Internalized Phage into E. coli 

1. Add 1.22 mL of the eluted phage to 20 mL of exponentially growing E. coli strain 
TGI (OD 60 o -0.5). Store the remaining eluted phage at 4°C. 

2. Incubate bacteria at 37°C for 30 min without shaking. 

3. Titer TGI infection by plating 2 |oL and 20 |lL onto 100 mm TYE/amp/glu plates 
(this is a 10 4 and 10 3 dilution, respectively). 

4. Centrifuge the remaining bacteria solution at l,700g for 10 min. Resuspend the 
bacterial pellet in 250 |i,L of 2X TY media and plate onto two 150-mm 
TYE/amp/glu plates. Incubate at 37°C overnight. 

5. Add 3 mL of 2X TY/amp/glu media to each plate, and then scrape the bacteria from 
the plate with a bent glass rod. Make glycercol stocks by mixing 1 .4 mL of bacteria 
and 0.6 mL of 50% glycerol (filtered). Save stock at -70°C. 

6. Phage are then rescued for the next round of selection as described in Chapter 8. 

7. After 2-4 rounds of selection, binding phage antibodies are identified by an appro- 
priate screening technique, such as cell enzyme-linked immunosorbent assay 
(ELISA). 

3.2. Detection of Phage or ScFv Internalization 
by Fluorescence Microscopy 

3.2. 1. Internalization into Cells Grown on Cover Slips 

1. Place one sterile 15-mm round cover slip per well in a 6-well tissue-culture plate. 
Add 2 mL of appropriate tissue-culture media containing cells. Grow cells to 
20-50% confiuency. 

2. Change media to remove dead cells and let the cells stand at 37°C for 10 min. 

3. If phage is used for the internalization, add PEG concentrated and sterile-filtered 
phage to a final concentration of 10 10 cfu/mL. For scFv, add purified and sterile- 
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filtered scFv to a final concentration of 20 Llg/mL. Incubate at 37°C, 5% CO2 
atmosphere, for 2 h. 

3.2.2. Stripping and Fixation of Cell Surface Bound ScFv/Phage 

1. The cover slips are then washed 6x with PBS, followed by washing 3x for 10 min 
with glycine-stripping buffer. 

2. After another wash with PBS, the cells are fixed on the coverslips with PBS con- 
taining 4% paraformaldehyde at room temperature for 5 min. 

3. Wash the coverslips twice with 3 mL of PBS. The procedure can be interrupted at 
this point. The coverslips may be stored overnight in PBS. 

4. Permeabilize the cells by incubating with cold 100% methanol for 10 min. 

5. Wash the cells three times with PBS. 

3.2.3. Antibody Staining for Internalized ScFv/Phage 

1. Place cells in a new six- well plate and incubate with PBS containing 1% BSA for 
30 min. Wash the cells once with PBS. 

2. For phage staining: Add biotinylated anti-M13 antibody diluted 1/5,000 in PBS/1% 
BSA. For scFv staining: Add 9E10 antibody at 0.2 |ig/mL in PBS/1% BSA. Incu- 
bate on a rocker at 4°C for 1 h. 

3. Wash the cells ten times with 3 mL of cold PBS. 

4. For phage staining: Add streptavidin-Cy3 diluted 1/1,000 in PBS/1% BSA and 
incubate on a rocker at 4°C for 30 min. For scFv staining: Add biotinylated anti- 
mouse Fc antibody diluted 1/200 in PBS/1% BSA. Incubate on a rocker at 4°C for 
1 h. Wash ten times with cold PBS. Then add streptavidin-Cy3 diluted 1/1,000 in 
PBS/1% BSA and incubate on a rocker at 4°C for 30 min. 

5. Wash the cells ten times with cold PBS. 

6. Mount the coverslips onto microscope slides in 5 L of VECTOR shield containing 
DIAR Slides can be stored at 4°C in the dark for up to a week. For long-term stor- 
age the slides may be kept at 20°C. 

3.3 Detection of Phage Internalization 
by GFP Reporter-Gene Expression 

Filamentous phage that displays internalizing antibody fragments can also 
be used to specifically target genes to mammalian cells expressing the speci- 
ficity of the scFv (17). When the gene targeted to the eukaryotic cell is a 
reporter gene, such as GFP, gene expression can be used as an assay for inter- 
nalization of the scFv. 

We have used two approaches to deliver reporter genes packaged in phage: in 
one approach, helper phages are used to infect E. coli containing a phagemid in 
which the reporter gene and eukaryotic promoter are cloned. Our lab has cloned 
the EGFP reporter gene and promoter into pHENl, with Sfil/NotI cloning sites 
for scFv subcloning (the vector, pFROG, is available upon request from JDM). 
Phages recovered from the culture supernatant display an average of one scFv- 
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pill fusion protein, and 99% of them package the GFP reporter gene. In the other 
approach, the scFv gene is cloned into the fd phage genome (such as the vector 
fd-DOGl) for expression as a scFv-pIII fusion. fd-scFv phage are then used to 
infect E. coli containing a reporter phagemid vector (such as pcDNA3-GFP). 
Phages purified from the culture supernatant display multiple scFv-pIII fusion 
protein, and approx 50% package the reporter gene (17). 

Many of the phage selected for internalization enter an intracellular traffick- 
ing pathway that ultimately leads to reporter gene expression. When GFP is 
used as a reporter gene, expression can be detected with as few as 2 x 10 7 cfu 
of phage and increases with increasing phage titer up to 10% of cells (17). The 
reporter gene expression from the internalized bacteriophage can be used as a 
rapid assay for internalization. The following protocol is used for the infection 
and expression of GFP reporter gene packaged in antibody-displaying phage. 

3.3. 1. Bacteriophage-Mediated Cell Infection 

1. Phage preparations of scFv-phages containing a reporter gene are diluted at least 
10-fold in complete cell-culture medium. Media and phage are filtered through a 
0.45-um filter. 

2. Media containing the phage is added to 30-50% confluent cells grown in a 6-well 
tissue-culture plate. 

3. After 48 h of incubation, the media is changed and cells are incubated for another 
24-48 h. 

3.3.2. Analysis for GFP Expression 

1. For fluorescence microscopy analysis: media is aspirated, and cells are washed 
twice in PBS before analysis using standard protocols. 

For FACS analysis: cells are trypsinized with trypsin/EDTA and washed once in 
PBS containing 2% FCS and analyzed for GFP expression by FACS in the FL-1 
channel using standard protocols. 

4. Notes 

1. It may be necessary to use a normal or related cell line in suspension to deplete for 
phage antibodies that bind common internalizing receptors. We have found this to 
be a critical step in eliminating crossreactive antibodies. The selecting cell line is 
grown adherent. 

2. The stripping buffer may need to be adjusted for different cell types to ensure that 
washing does not lyse the cells. Parameters to investigate include pH and osmolality. 
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Engineering Multivalent Antibody Fragments 
for In Vivo Targeting 

Anna M.Wu 



1. Introduction 

Antibodies, especially in the genetically engineered form, provide a power- 
ful and diverse set of reagents for the recognition of biological structures. Of 
key importance to those in the antibody field are advances in genomics and 
proteomics, fostered by technology such as gene-expression profiling, protein 
microarrays, and high-throughput validation assays, which are providing a 
multitude of new protein targets for investigation. In parallel, antibody tech- 
nologies such as phage display (Chapter 8) and ribosome display (Chapter 9), 
are providing agents to specifically recognize these novel targets, with broad 
future applications in detection and intervention in fields as diverse as human 
health, agriculture, and the environment. 

Once appropriate antigen/antibody pairs are identified, genetic engineering of 
antibodies allows full control over the format of the final protein produced. 
Development of recombinant antibodies for in vitro applications (e.g., assays) 
involves attention to universal factors such as specificity and affinity, as well as 
practical issues related to the final application such as conjugation/fusion to 
detectable or functional moieties and ease of production. Many additional issues 
come into play when developing antibodies for targeting applications in vivo. 
Biological aspects of the target antigen must be considered, including normal 
tissue expression, antigen density on the target tissue, and whether the antigen 
can be internalized or shed. Biological properties of the antibody must also be 
considered, including pharmacokinetics, route of clearance, and interaction with 
Fc receptors on immune cells or FcRB receptors in the endothelium or tissues. 
Protein engineering allows full control over characteristics such as affinity, 
valency, domain composition, flexibility, and orientation of the binding sites. In 
addition, for in vivo targeting applications, issues such as mol wt (including 

From: Methods in Molecular Biology, Vol. 248: Antibody Engineering: Methods and Protocols 
Edited by: B. K. C. Lo © Humana Press Inc., Totowa, NJ 

209 



210 Wu 

whether the recombinant protein is above or below the threshhold for first-pass 
renal clearance), pi, and potential immunogenicity must be considered. 

Furthermore, there is no "right" format for an engineered antibody that is 
intended for use in vivo. The ideal combination of properties will differ, 
depending on whether the antibody is intended for use in an unmodified form, 
whether it is conjugated to a radionuclide, toxin, drug, or other moiety for 
detection/intervention, or whether it is employed as a fusion protein. For exam- 
ple, if unmodified (naked; cold) antibodies are being developed for therapeutic 
applications, in many cases conventional intact antibodies are developed (fol- 
lowing chimerization/humanization to reduce immunogenicity; see Chapter 7), 
since intact IgGs exhibit extended serum persistence. This allows dosing on an 
infrequent basis, which is convenient for patients and health care providers. On 
the other hand, if toxic agents are conjugated to antibodies, shorter half-lives 
may be more desirable to control normal tissue toxicity. For imaging using radi- 
olabeled antibodies, rapid targeting and clearance are expected of tracers; for 
therapy using radiolabeled antibodies, the ability to deliver sufficient dose is 
foremost, but concerns about normal tissue toxicity remain critical. Ultimately, 
the final clinical application will dictate many of the properties that the ideal 
antibody must have. Fortunately, antibody engineers have been developing 
novel recombinant proteins for many of these applications, and considerable 
experience has been gained regarding their biochemical, biological, and target- 
ing properties. This chapter reviews recent advances in developing mono-, bi-, 
tri-, and tetravalent engineered antibody fragments, with special consideration 
given to in vivo targeting properties of these molecules. 

1. 1. Single-Chain Variable Fragments 

Single-chain variable fragments (scFv) have become the de facto building 
block for engineered antibody fragments. ScFvs are produced by assembling 
the genes that encode the heavy-chain variable region (Vh) and the light-chain 
variable region (Vl) of an antibody using sequences encoding a linker peptide 
to join the variable-region genes (1,2) (Fig. 1). As a result, the antigen-binding 
protein is expressed as a single polypeptide chain. Variable regions can gener- 
ally be assembled in either order, although there are specific examples of anti- 
bodies in which one orientation has been more favorable than the other (3). 
Although modeling studies suggest that linker peptides of 14-15 amino acid 
residues are long enough to span the distance between the N- and C-termini of 
the variable domains in an Fv, it is advisable to use longer linkers (18 amino 
acid residues or more) to favor folding of the polypeptides into monomeric 
scFv. Use of linkers of 3-12 amino acid residues in length results in diabody 
formation, and incorporation of linkers of intermediate length will frequently 
result in mixtures of monomeric and dimeric forms. 
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1. Schematic diagram of many of the multivalent engineered antibodies 
described in the text. They are classified according to valency, and whether domains in 
addition to scFv units have been incorporated into each construct. In many cases, bi- 
specific versions have been produced in addition to monospecific ones. In a growing 
number of examples, in vivo pharmacokinetic and targeting properties have been eval- 
uated. This figure and the text are not all-inclusive, as new formats are constantly being 
developed and evaluated. Rather, this figure is intended to provide a general overview 
and a sense of the size and valency of representative forms. Please refer to the text for 
additional details. 
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The in vivo properties of radiolabeled forms of several different scFvs have 
been investigated in animal models, including in mice, rats, rabbits, and dogs 
(reviewed in ref. 4). Alpha- and beta-phase half-lives were short compared to 
larger fragments or intact antibodies, with terminal half-lives ranging from 
1.5-4 h. Rapid blood clearance resulting from first-pass renal clearance of 
these ca. 25-30-kDa proteins results in low background activity and high con- 
trast at early times following administration, provided that sufficient activity 
can be delivered to target tissue by the radiolabeled scFv. The cancer-targeting 
and imaging potential of several scFvs has been investigated for a variety of 
tumor-associated antigens (Tag-72, CEA, HER2, Tac, EpCAM, EGFR, and 
others; reviewed in ref. 5). Tumor localization is observed, often in the 1-5% 
injected dose per g (% ID/g) range, depending on the antibody, antigen, and 
specific model (Fig. 2). ScFvs also offer the important advantage of facile pen- 
etration and distribution into tumors, in contrast to larger entities such as intact 
antibodies, which are often limited to perivascular distribution (6). 

Clinical evaluation of radiolabeled scFvs that are specific for targets in can- 
cer has yielded results consistent with preclinical studies on the targeting 
potential of these antibody fragments. Begent and Chester and colleagues iso- 
lated an anti-carcinoembryonic antigen (CEA) scFv from a phage display 
library of murine scFvs. Appending a hexahistidine tag allowed purification by 
immobilized metal affinity chromatography (IMAC). The MFE-23 anti-CEA 
scFv was radiolabeled with 1-123, a pure gamma emitter with a 13.2 h half-life, 
and imaging was evaluated in patients with CEA-positive malignancies (7). 
Targeting was demonstrated to all known tumor deposits. Blood clearance was 
rapid, and a- and (3-phase half lives were 0.42 and 5.3 h, respectively (ten 
patients). Subsequently the anti-CEA scFv was radiolabeled with 1-125 and 
evaluated in 34 patients for radioimmunoguided surgery in conjunction with an 
intra-operative gamma probe. In this study, the (3-phase half-life was longer 
(10.95 h) (8). Separately, an I- 123 -radiolabeled anti-TAG-72 scFv based on the 
CC49 monoclonal antibody (MAb) was evaluated as a targeting and imaging 
agent in colorectal carcinoma patients by Larson and colleagues (9). Rapid 
equilibration and clearance were observed with a- and (3-half lives of 0.5 h and 
10.5 h, respectively. Same-day imaging of primary tumors and metastatic 
lesions in the liver was possible, although tumor uptake was suboptimal. 

1.2. ScFv Dimers and Diabodies 

Several strategies have been employed to dimerize single-chain variable 
fragments to generate bivalent antigen-binding molecules (MW 55-60 kDa), 
and some of these variants have been evaluated for their targeting properties. 
Approaches have included production of tandem scFvs or covalent linkage of 
scFvs through disulfide bridging of cysteine residues appended to the C-terminus 
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Fig. 2. Summary of the tumor-targeting and blood-clearance properties of a series 
of cognate engineered anti-CEA fragments based on the murine T84.66 antibody. Val- 
ues are given as percent injected dose per g (% ID/g) of tumor tissue or blood. Radioio- 
dinated fragments were evaluated in athymic mice bearing LS174T human colorectal 
carcinoma xenografts. Data are from references cited in ref (4), and unpublished stud- 
ies (scFvFcy4) of Drs. P. Yazaki, M. Sherman, and A. Wu. 



through genetic engineering. By far the most straightforward approach has 
been the production of non-covalent dimers, also known as "diabodies." These 
are based on observations that certain scFvs have a tendency to spontaneously 
multimerize or aggregate (10). Subsequently, work by Winter's group and 
many other laboratories demonstrated that construction of scFvs with short 
(3-12 amino acid residues) linkers connecting the variable region genes 
strongly favored the generation of dimers or diabodies (11). X-ray structural 
analysis has confirmed that in these molecules, domain exchange has occurred, 
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so that the V L of each polypeptide has associated with the V H from a separate 
polypeptide chain, resulting in a cross-paired structure (12). 

An initial comparison of (scFv)2, generated using C-terminal cysteine tails 
for disulfide-bridge formation, showed superior targeting compared to the cor- 
responding scFv or Fab fragment, in targeting of SK-OV-3 xenografts overex- 
pressing c-erbB2 (13). These still exhibited rapid clearance from the 
circulation in mouse models, but higher avidity resulting from bivalent binding 
sites has led to greatly improved retention of radioactivity in xenografts. Sub- 
sequently, targeting properties of radiolabeled cancer-specific diabodies has 
been extensively evaluated against a variety of targets (14-17). In general, dia- 
bodies labeled with radioiodine or a variety of radiometals have been demon- 
strated to reach maximum tumor uptakes in the range of 10-15% ID/g at 1-2 h 
post injection, in murine tumor models (5) (Fig. 2). 

1.3. Intermediate Molecular-Weight Bivalent Fragments 

Larger, bivalent engineered antibody fragments are being developed to address 
a number of issues. ScFvs and diabodies, with mol wts below the threshhold for 
first-pass renal clearance, exhibit very rapid elimination from the circulation, with 
terminal half-lives in the range of 3-5 h. The limited blood activity (area under the 
curve) translates into short exposure of tumor or other target sites to circulating 
radiolabeled antibody, and places a limit on the maximum uptake of these species. 
Engineered fragments larger than approx 60 kDa should exhibit increased serum 
persistence. One common approach has been fusion of scFvs to protein domains 
that dimerize, an approach that also adds mass to the overall molecule. Examples 
include the use of self-assembling helices to produce "mini-antibodies" (18), 
human IgGl Cr3 domain to produce "minibodies" (19) or "SIPs" (20), fos-jun 
leucine zippers (21), kappa light-chain constant regions (22), and a variety of 
other fusion partners. Several of these formats have been subjected to preclinical 
evaluation in murine tumor xenograft models. The anti-CEA minibody (scFv- 
Cr3 dimer, 80 kDa) was shown to achieve excellent tumor uptake in radioiodi- 
nated or radiometal labeled form, reaching 20-25% ID/g at 4-6 h post injection 
(19) (Fig. 2). Coupled with rapid blood clearance, excellent contrast was 
achieved, allowing imaging at early times using single-photon or positron emis- 
sion tomography (PET) approaches (19,23). This result has recently been con- 
firmed using scFvs directed against the fibronectin ED-B domain, in which SIPs 
demonstrate substantially higher tumor uptake than the corresponding diabody. 
Mini- antibodies that are specific for HER2 also have shown improved tumor 
localization compared to the corresponding scFvs, although additional gains were 
made using tetravalent forms (see Subheading 1.5.). 

Furthermore, fragments engineered to include the Fc portion of native anti- 
bodies will retain the extended half-lives characteristic of intact antibodies 
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(days to weeks). This is because of the presence of a site at the junction 
between Ch2 and Ch3 that interacts with the FcRB receptor, which mediates 
serum persistence of intact antibodies (24). As an example, an scFv-Fc fusion 
protein developed from the anti-TAG-72 antibody CC49 has demonstrated high 
tumor localization coupled with a long serum half- life in murine models (25). 

1.4. Triabodies 

A systematic examination of linker lengths in scFv constructs has led to the 
observation that the use of extremely short or absent linkers between the vari- 
able regions induces formation of trimers, tetramers, and higher-order species 
(26-28). The precise length of linker required to induce trimer or tetramer for- 
mation varies, depending on the order of the variable regions (Vl-Vh vs Vh- 
Vl) and individual aspects of each specific antibody and its V regions. For 
example, NC10 scFvs assembled in the V H -V L orientation with 3-4 amino acid 
linkers formed diabodies and 0-2 amino acid, triabodies (29). In the opposite 
orientation, the trend was similar but the transition not so sharp, with a two- 
residue-linker yielding a mixture of diabodies, triabodies, and tetrabodies (30). 
Interestingly, for the HD37 anti-CD 19 scFv (assembled Vh-Vl) the situation 
was more complex, with a 1-amino-acid linker yielding tetramers and zero 
yielding trimers (27). Pei and colleagues have determined the structure of a tri- 
abody assembled from non-cognate variable regions, confirming that domain 
exchange has occurred in these proteins (31). It will be of great interest to eval- 
uate the biological properties of triabodies, which demonstrate high avidity in 
vitro, and should not be subject to rapid renal filtration in vivo as a result of 
their increased mass (ca. 80-90 kDa). 

1.5. Tetravalent Antibody Fragments 

Tetravalent forms of engineered antibody fragments have been generated by 
a variety of approaches. Continuing the approach outlined here, the laborato- 
ries of Hudson and Little have observed formation of scFv tetramers (tetrabod- 
ies; ca. 110-120 kDa) when linkers in the range of 0-1 amino acid were 
incorporated in the constructs. Again, the relationship between linker length 
and tetramer formation was a function of the specific antibody that was engi- 
neered, as well as order of assembly of the variable regions. As a result, con- 
siderable experimentation may be required in order to determine the 
configuration that gives the highest yield of tetramers. Furthermore, as one pro- 
gresses to higher-order multimers, it is less likely that pure species will be 
obtained, and additional purification/size fractionation steps may be required to 
isolate the desired form. In addition, for all these constructs, the expression, 
purification, and storage conditions can affect the mix of multimers that are 
ultimately obtained. For example, many laboratories have observed that upon 
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storage at high concentrations, previously pure species can rearrange and gen- 
erate alternate forms, indicating that the V H -V L interactions that hold these 
multimers together can dissociate/reassociate, allowing re-equilibration of 
these non-covalently associated forms. 

Several alternative approaches have been used to generate tetravalent 
species. Additional permutations based on scFvs joined using various combina- 
tions of linkers have been investigated. Although the tetrabodies are expected 
to be circularized molecules, linear forms such as tandem diabodies (tandabs) 
(32), tetravalent scFvs (33), and dimeric single-chain diabodies (34) of similar 
mol wt (ca. 110 kDa) have also been developed. One challenge in evaluating 
the biochemical properties of these multivalent molecules is determination of 
the valency of binding. An increase in functional affinity, caused by higher 
avidity, has been taken as evidence that all or most of the binding sites are 
active, although this will be difficult to determine precisely for monospecific 
agents. 

Larger tetravalent constructs have been assembled using additional protein 
domains as multimerization modules or scaffolds. For example, the mini-anti- 
body approach has been extended through the use of a short amphipathic helix 
that spontaneously tetramerizes (35). Gel-filtration analysis demonstrated effi- 
cient assembly into the expected 130-kDa tetramers and affinity was superior to 
bivalent miniantibodies. Alternatively, a short region of the p53 protein that 
promotes tetramerization has been used as a self-assembling domain for multi- 
merization of an anti-HER2 scFv (36). Substantially larger fusion proteins have 
been generated by fusion of diabodies to antibody Fc or Ch3 regions. A human- 
ized CC49 single-chain diabody-Fc fusion protein exhibited the expected mol 
wt of 160 kDa and competed more effectively for binding to TAG-72 antigen 
than the corresponding parental murine antibody, humanized antibody, or scFv- 
Fc fusion protein (37). A bispecific single-chain diabody, binding to both CEA 
and (3-galactosidase, was fused to either the human Igl Fc or just the Ch3 
domain (38). The resultant proteins exhibited four functional binding sites with 
increased functional affinity. Finally, several groups have exploited the 
tetramerization properties of streptavidin to generate engineered antibody frag- 
ments that are not only multivalent, but also demonstrate very high avidity for 
biotin (39). This approach lends itself to multiple in vitro applications, but has 
demonstrated utility for in vivo targeting as the initial reagent forn pretargeted 
cancer therapy (40). 

Of key interest is the evaluation of the performance of tetravalent engineered 
antibody fragments in vivo. The smallest of these, tandabs and tetravalent 
scFvs, have mol wts of approx 110 kDa, substantially above the threshhold for 
renal clearance. These constructs demonstrated higher functional avidity than 
the corresponding 55-kDa diabodies. Pharmacokinetic studies of radioiodi- 
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nated bispecific tandabs in non-tumor-bearing mice indicated that the tandabs 
were more stable and persisted longer in the circulation compared to scFvs or 
diabodies; however, the terminal half-life was still quite short (1.5-2 h). The 
tumor-targeting and biodistribution properties of tetravalent CC49 scFvs have 
been determined for radioiodinated and radiometal-labeled forms (33,41). 
Tumor uptakes were highly favorable, reaching ca. 20% ID/g at 6 h post- 
administration for both radiolabels, and very good tumor-to-background ratios 
were achieved because of rapid blood clearance (elimination half-life, 5 h). The 
tumor-targeting properties of dimeric and tetrameric anti-HER2 mini-antibod- 
ies has also been evaluated in a murine xenograft model (36). Again, the 
tetravalent version proved superior to the divalent form, reaching higher tumor 
activity levels (43% ID/g at 24 h) and higher tumor-to-blood ratios. These 
results suggest a promising role for multivalent scFvs for cancer targeting and 
imaging. Finally, biological characterization of larger tetravalent constructs, 
such as the diabody-Fc fusions described here, should provide important alter- 
natives. Fragments that incorporate intact Fc regions are expected to exhibit the 
prolonged serum persistence of intact antibodies, as demonstrated for scFv-Fc 
fusion proteins. These could be ideal molecules for applications in which 
tetravalent, mono-, or bi-specific reagents with long biological half-lives are 
desired. 

1.6. Bispecific Reagents 

One of the primary motivations for the development of tetravalent antibody 
constructs has been the desire to obtain bispecific and bivalent agents for 
immunotherapeutic applications. Bispecific antibodies can be used to link or 
recruit target cells (e.g., tumor cells) with effector cells (e.g., cytotoxic T-cells). 
Ideally, one would want bivalent binding to both targets for optimal engage- 
ment of the effector cells. All these formats readily lend themselves to produc- 
tion as bispecific reagents. The generation of recombinant, bispecific antibody 
fragments is discussed in greater detail in Chapter 13. 

1.7. Summary 

Investigators in the antibody field have been very creative in their 
approaches to designing and producing multivalent antibody fragments for tar- 
geting purposes. Nature has also cooperated in providing surprising new for- 
mats, including the cross-paired configurations found in diabodies, triabodies, 
and tetrabodies. What remains to be played out is a systematic evaluation of the 
performance of these various formats in biological systems, both preclinical, 
and ultimately in the clinical setting. These in vivo studies in turn will provide 
essential feedback to antibody engineers, and eventually contribute to a rational 
approach to the design of recombinant antibodies for specific final applications. 
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Above all, it is important that we have a diverse collection of multivalent anti- 
body fragments from which to select the most appropriate form. 

2. Materials 

2. 1. Construction of Genes that Encode Multivalent Engineered 
Antibody Fragments 

1. Murine hybridoma cells that secrete antibody of interest. 

2. TRIzol (Invitrogen). 

3. Gene-Amp kit (Applied Biosystems). 

4. AMV reverse transcriptase (Promega). 

5. Synthetic oligonucleotide primers. 

6. Thermal cycler (Applied Biosystems or other supplier). 

7. Agarose gel electrophoresis apparatus. 

8. SeaKem LE agarose (FMC). 

9. Tris-acetate-EDTA gel electrophoresis buffer: 40 mM Tris-acetate, 1 mM EDTA, 
pH 8.0. 

10. Restriction enzymes. 

11. Manual DNA sequence analysis reagents/equipment or automated DNA sequenc- 
ing facility. 

12. QIAquick gel purification kit (Qiagen). 

13. AmpliTaq DNA polymerase (Applied Biosystems). 

3. Methods 

3. 1. Construction of Genes that Encode Multivalent Engineered 
Antibody Fragments 

3. 1. 1. Amplification of Variable-Region Genes 
from Hybridoma-Cell Lines 

1. Prepare total RNA from 2 x 10 7 or more hybridoma cells expressing the mono- 
clonal antibody (MAb) of interest, using a standard method such as guanidine thio- 
cyanate/cesium chloride ultracentrifugation or using a product such as TRIzol, 
according to the manufacturer's instructions (see Note 1). 

2. Set up separate reverse transcriptase-polymerase chain reaction (RT-PCR) reac- 
tions, one for the heavy-chain and one for the light-chain variable region. Each RT- 
PCR reaction should contain 5 (Xg of total RNA, 20 pmol of upstream (V-region 
consensus; e.g., see ref. 42) and downstream (constant region) primers, 2.5 mM 
deoxynucleotide 5' triphosphates (dNTPs), 10X PCR buffer, and 0.1 mM dithio- 
threitol (DTT) in a 50-uL reaction. Commercially available kits such as Gene- Amp 
provide a convenient source of reagents. 

3. Denature the reaction at 70°C for 10 min. 

4. Add 10 U of AMV reverse transcriptase and allow cDNA synthesis to proceed at 
37°Cforl5min. 

5. Add 2 U of Taq polymerase polymerase and amplify in a thermal cycler pro- 
grammed for 30 cycles at 1 min (94°C), 1 min (58°C), 2 min (72°C). 
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6. Gel-purify the PCR products, clone into the plasmid of interest, and confirm that 
the appropriate variable regions have been isolated by DNA sequence analysis (see 
Note 2). 

7. Alternately, if variable regions have been obtained through methods such as phage 
display or ribosome display, sequenced variable-region genes will provide the tem- 
plates for the next step. 

3. 1.2. Gene Assembly by Splice Overlap Extension PCR (SOE-PCR) 

1. Fusion primers should be designed to extend across the planned junction of the two 
starting gene segments, with a six-amino-acid (18 nucleotide) overlap on each side. 
If linker sequences are to be added between the gene segments, the appropriate 
nucleic acid sequences are appended to the 5' end of the primer. Again, these 
primers should be designed so that the fragments to be joined have an 18- 
nucleotide overlap (Fig. 3). Each gene segment is then amplified separately using a 
flanking (outside) primer and the appropriate overlap primer using standard PCR 
conditions, 25-30 cycles, to create modified gene segments that now include a 
short overlap. (See Notes 3 and 4 regarding overall design issues). 

2. Purify PCR products by agarose gel electrophoresis, and include a DNA standard 
of known concentration for quantification. Following ethidium bromide staining, 
estimate the amount of PCR product. 

3. Recover the PCR fragment from the agarose using the QIAquick gel purification 
kit or a similar method, according to the manufacturer's instructions. 

4. Set up the overlap extension to include: 100 ng of each overlap fragment, 2 (XL of 
250 uM dNTP mix, 5 uL of 10X PCR buffer, 0.5 U of Taq polymerase, and H 2 to 
a final volume of 50 |lL. 

5. Perform overlap extension in a thermal cycler programmed to run six cycles of 1 
min (94°C), 2 min (37°C), and 4 min (72°C). 

6. Transfer 10 |i,L of the previous reaction to a fresh tube and add: 1 |i,L of 250 \\,M 
dNTP mix, 4 |iL of 10X PCR buffer, 20 pmol each flanking (outside) forward and 
backward primers, 0.5 U of Taq polymerase, and H2O to a final volume of 50 \xL. 
Amplify 25-30 cycles using a standard PCR program. 

7. Gel-purify fused PCR gene product and insert into a plasmid to be grown up for 
DNA sequence analysis and confirmation that the correct fusion has been pro- 
duced. Transfer the engineered antibody gene to an expression vector. 

3. 1.3. Expression and Characterization of Multivalent Engineered 
Antibody Fragments 

A detailed example of mammalian expression and purification of an engi- 
neered anti-CEA minibody is given in Chapter 15. 

4. Notes 

1. Many sources of antibody variable regions are available and are described in 
greater detail elsewhere in this volume. A key consideration is that each antibody 
has its own personality: variable regions vary. Each individual Fv (pair of light- and 
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Fig. 3. Splice overlap extension method for fusing gene segments. Fusion primers 
are used in the PCR amplification of the individual gene segments, in order to create 
overlapping regions. The fragments are then denatured, annealed, extended, and ream- 
plified using only the outermost primers to generate the fusion gene. (A) Direct fusion 
of two gene segments. (B) Addition of sequences encoding a linker peptide between 
two gene segments. Additional nucleotides are added to the 5' ends of the overlap 
primers in order to add linker sequences (white/hatched/white in the final construct). At 
the same time, these primers are designed to generate the necessary overlap (hatched 
boxes) to allow the gene segments to be fused and reamplified. (Figure continues) 



heavy-chain variable regions) will have its own physical properties such as pi, sol- 
ubility, ability to fold, tendency to multimerize (for example, see ref. 43). Most 
antibody variable-region combinations can be successfully be converted into scFvs 
and higher-order forms; many work assembled in either orientation (Vh-Vl or Vl- 
Vh), but some antibody/antigen combinations may prefer one order of assembly 
over the other. The bottom line is that there is so much variation from antibody to 
antibody, that in order to ensure success it is best to embark on antibody engineer- 
ing with with several candidates in mind. 

When cloning antibody variable regions by RT-PCR, it is important to bear in mind 
that mutations can arise in any PCR. An error that occurs early in the amplification 
cycles can be propagated to many of the final clones. Thus, the DNA sequence must 
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be determined from clones that have been generated in at least two independent RT- 
PCR reactions. Sequences should be checked to determine that endogenous kappa- 
chain transcripts have not been cloned. Comparison with databases such as Kabat 
(http://www.kabatdatabase.com; see also Chapter 2) will provide a useful indication 
as to whether the sequences cloned represent bona fide variable-region genes. 
There seems to be considerable flexibility in linker design (see ref. 44). In general, 
linkers should be flexible and hydrophilic. The length of the linkers, as noted here, 
can be critical in determining the multimerization state. Furthermore, it is apparent 
that at this point, optimal linker length for generation of diabodies/triabodies/tetra- 
bodies will probably still need to be determined empirically for any given antibody. 
Overly long linkers (in tandabs, covalent diabodies, or similar constructs) should be 
avoided, as they are often susceptible to proteolysis during production (especially if 
microbial expression is used) or when finally administered in vivo. As more knowl- 
edge and experience is gained, it should be possible to design linkers that are also 
non-immunogenic . 

The various multivalent fragments described here should present the antigen-com- 
bining sites in a variety of spatial orientations and with differing flexibility. This is 
an area that will need further investigation. Ultimately, the optimal format must be 
complementary to the relevant epitope; however, it is presented on the target tissue. 
Furthermore, selection of the final configuration for a recombinant antibody frag- 
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ment will also depend on the intended function of the engineered antibody (e.g., 
imaging, drug delivery, bioactivity, or recruitment of effector cells). 
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Production of Recombinant Bispecific Antibodies 

Roland E. Kontermann,Tina Volkel, and Tina Korn 

1. Introduction 

Recombinant bispecific antibodies have great potential as diagnostic and ther- 
apeutic reagents (1,2). Applications of recombinant bispecific antibodies include 
the recruitment of effector molecules (e.g., enzymes, complement components, 
immunoglobulins), effector cells (cytotoxic T-lymphocytes, natural killer [NK] 
cells, macrophages), or gene-therapeutic vectors (e.g., adenoviruses) to other 
molecules or target cells (3-10). Through genetic engineering, molecules with 
the desired properties can be generated and produced in various prokaryotic or 
eukaryotic expression systems (//). For example, by starting from antibody 
fragments isolated from human combinatorial libraries by phage display, com- 
pletely human bispecific molecules can be generated. 

A large number of different recombinant bispecific antibody formats have 
been developed during the past decade (12). In this chapter, we will focus on the 
three formats that have been widely used for various applications. These formats 
are diabodies, single-chain diabodies (scDbs), and tandem scFvs (single-chain 
antibodies) (Fig. 1). All three formats are small, bispecific molecules with a mol 
wt of 50-60 kDa produced by assembly of the variable domains of two antibod- 
ies with different specificities. Their small size facilitates tissue penetration, but 
also results in a rapid clearance from circulation (13). This must be considered 
when designing recombinant bispecific molecules for therapy. In order to 
increase the serum half-life of these small bispecific molecules, their size can be 
increased by fusion to additional protein domains, such as the immunoglobulin 
Ch3 or Fc part (14,15). The resulting dimeric molecules possess molecular 
masses greater than 100 kDa, and exhibit a prolonged serum half-life. 

Diabodies are heterodimers of two polypeptide chains of the structure VhA- 
VlB and VhB-VlA expressed in the same cell (3). Functional antigen-binding 
sites are formed by crossover pairing of the variable light- and heavy-chain 
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Fig. 1. Format and structure of recombinant bispecific antibodies: diabodies, sin- 
gle-chain diabodies, and tandem scFv. 



domains of the two chains. They possess a rigid structure and can be expressed 
at high yields in bacteria. However, because of random association of the two 
polypeptide chains, nonfunctional homodimers are also formed, thus generat- 
ing heterogenous populations of molecules. Pure populations of bispecific dia- 
bodies can be obtained by affinity chromatography. 

In the scDb format, the two polypeptide chains used to generate a bispecific 
diabody are connected through an additional middle linker (7). Consequently, 
all molecules with a molecular mass of 50-60 kDa are bispecific. ScDbs can be 
expressed in bacteria, although yields are usually lower than those obtained for 
diabodies. ScDb can also be expressed in eukaryotic cells and displayed on the 
surface of cells and bacteriophage (16,17). They can also be used to generate 
tetravalent, bispecific IgG-like molecules by simple fusion of the scDb to the Ig 
yl Fc or Ch3 region (14). By applying phage display, we have recently identi- 
fied a panel of optimized non-repetitive linker sequences for the generation of 
scDbs (17). By varying the length of the three linkers of a scDb, it is also pos- 
sible to produce bispecific scDb homodimers that possess two binding sites for 
each antigen and a mol wt of approx 110 kDa (13,17). These molecules have a 
much longer serum half-life because of their larger size. 

The third format, tandem scFv (taFv), is produced by connecting two scFv 
molecules through a short middle linker (18-20). Although this format has a 
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very flexible structure and is the most simple one to generate, difficulties in the 
expression of soluble taFvs in bacteria have been reported. Thus, refolding 
strategies or eukaryotic expression systems have been used for the production 
of soluble tandem scFvs (12,18,20,21). Recent studies have shown that it is 
possible to express taFvs in bacteria in a soluble and active form — e.g., by 
using appropriate linker sequences, as shown in this chapter. 

2. Materials 

2. 1. Construction of Bispecific Diabodies 

1. Bacterial expression vector pABl (4), 

2. Thermocycler Robocycler (Stratagene). 

3. Thermostable DNA polymerases and reaction buffers: Taq polymerase (e.g., from 
Amersham Biosciences), Pfu polymerase, and herculase (Stratagene). 

4. Deoxynucleotide 5' triphosphates (dNTPs) (Amersham Biosciences). 

5. IX TAE buffer: 40 mM Tris-acetate, 1 mM EDTA, pH 8.0. 

6. 1% agarose gel: disolve 1 g of agarose in IX TAE buffer. Boil in a microwave oven 
until completely melted, cool down to approx 45°C, and add 3 uL of ethidium bro- 
mide (10 mg/mL). 

7. Restriction enzymes AscI, BstEll, Notl, Sacl, Sfil, and restriction enzyme buffers 
(New England Biolabs). 

8. Qiaquick gel extraction kit (Qiagen). 

9. Primers for amplification of individual Vh and Vl domains (restriction sites are 
shown in italic, dots indicate bases that must be derived from individual sequences. 
For annealing, these regions should have a length of approx 20 bases): 

a. V H ABstFor: 5'-CGA GGA GAC GGT GAC CAG -3' (reverse primer that 

anneals in the 3'-end of VlA and introducing a BstEII site in the region encod- 
ing framework 4); 

b. V L ABstSacBack: 5'-ATC CTG GTC ACC GTC TCC TCG GGC GGT GGC 
GGA TCC GAT ATC GAG CTC -3' (anneals in the 5'-end of V L A and intro- 
duces a BstEII site, the GGGGS-linker encoding region and a SacI site into VlA); 

c. V H BAscBack: 5'-TAA GGC GCG CCA ATG ATT ACG CCA AGC TTT CTA 
GAG-3' (anneals in the 5'-untranslated region preceding the pelB signal 
sequence of scFv B and introduces an AscI site; if using another vector, the 
sequence must be adjusted); 

d. V H BSacFor: 5'-TCG GAG CTC GAT GTC CGA TCC GCC ACC GCC ... 
...-3' (reverse primer that anneals in the 3'-end of VhB and introduces DNA 
encoding a five-amino acid GGGGS linker and a Sacl site); 

e. V L BBstBack: 5'-GAT CTG GTC ACC GTC TCC TCA GGC GGT GGC GGA 
TCG -3' (anneals in the 5'-end of VlB and introduces a BstEII site); 

f. V L BAscFor: 5'-GCA TGG CGC GCC TTA TTA -3' (reverse primer that 

anneals in the 3'-end of VlB and introduces an AscI site); 

g. LMB2: 5'-GTA AAA CGA CGG CCA GT-3'; 

h. LMB3: 5'-CAG GAA ACA GCT ATG ACC A-3'. 
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10. DNA ligase and buffer (Promega). 

11. Luria-Bertani medium (LB): 5 g of NaCl, 10 g of bacto-tryptone, and 5 g of yeast 
extract per 1 L. 

12. LB/amp/1% glucose medium: LB medium containing 100 |lg/mL ampicillin and 
1% glucose. 

13. DNA midiprep kit (Qiagen). 

2.2. Construction of Bispecific scDbs 

1. Primers for amplification of individual Vjj and Vl domains: 

a. V H ABstFor, V L ABstSacBack, V H BSacFor, and V L BBstBack (see Subheading 

2.1.); 

b. MV H BAscBack: 5'-TAA GGG CGC GCC TCG GCT GGT AAT ACT AGT . . . 

...-3' (anneals in the 5'-end of VhB and introduces an Ascl site followed by 
DNA encoding the second part of middle linker M); 

c. V L BMAscFor: 5'-GCA GGC GCG CCC AGC ATT ACT ATC ACT ACC ... 
...-3' (reverse primer that anneals in the 3'-end of VlB and introduces DNA 
encoding the first part of middle linker M followed by an Ascl site); 

2. Restriction enzymes Ascl, BstElI, Notl, Sacl, Sfil, and restriction enzyme buffers. 

3. Bacterial expression vector pABl (4). 

4. Thermocycler Robocycler. 

5. Thermostable DNA polymerases and reaction buffers (see Subheading 2.1.). 

6. dNTPs. 

7. 1% agarose gel and IX TAE buffer (see Subheading 2.1.). 

8. DNA ligase and buffer. 

9. DNA midiprep kit. 

2.3. Construction of taFvs 

1. Primers for amplification of individual scFv fragments: 

a. LMB3 and LMB2 (see Subheading 2.1.); 

b. V L AXhoFor: 5'-GCA GGA TGC GGC CGC CCG TTT CAG CTC GAG CTT 

GGT GCC -3' (reverse primer that anneals in the 3'-end of scFv A and 

introduces a Xhol site); 

c. V H BXhoBack: 5'-TCC AAT CTC GAG CTG AAA CGG AGT ACT GAT GGT 

AAT ACT -3' (anneals in the 5'-end of scFv B and introduces a Xhol site 

followed by DNA encoding the middle linker N). 

2. Restriction enzymes Notl, Sfil, and Xhol, and restriction enzyme buffers (New Eng- 
land Biolabs); 

3. Bacterial expression vector pABl (4). 

4. Thermocycler Robocycler. 

5. Thermostable DNA polymerases and reaction buffers (see Subheading 2.1.). 

6. dNTPs. 

7. 1% agarose gel and IX TAE buffer (see Subheading 2.1.). 

8. DNA ligase and buffer. 

9. DNA midiprep kit. 
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2.4. Transformation and Screening of Positive Clones 

1. LB medium (see Subheading 2.1., item 11). 

2. LB agar for plates: LB medium containing 15 g/L agar. 

3. LB/amp/1% glucose agar plates: LB agar containing 100 |lg/mL ampicillin and 1% 
glucose. 

4. E. coliTGl (Stratagene). 

5. Ice-cold 100 mM CaCl 2 . 

6. Glycerol. 

7. Screening primers: LMB2 and LMB3 (see Subheading 2.1.). 

8. Thermocycler Robocycler. 

9. Thermostable DNA polymerases and reaction buffers (see Subheading 2.1.). 

10. dNTPs. 

11. 1% agarose gel and IX TAE buffer (see Subheading 2.1.). 

2.5. Expression and Purification 

1. LB medium (see Subheading 2.1, item 11). 

2. LB/amp/1% glucose medium: LB medium containing 100 |ig/mL ampicillin and 
1% glucose. 

3. LB/amp/0.1% glucose medium: LB medium containing 100 |lg/mL ampicillin and 
0.1% glucose. 

4. Isopropyl-(3-D-galactopyranoside (IPTG). 

5. 2-L Erlenmeyer flasks. 

6. Periplasmic extraction buffer (PPB): 30 mM Tris-HCl, pH 8.0, 1 mM EDTA, 20% 
sucrose. 

7. Lysozyme (powder). 

8. lMMgS0 4 . 

9. Dialysis tubing (10-kDa cutoff) and clamps. 

10. Reagents for immobilized metal affinity chromatography (IMAC): 

11. IMAC loading buffer: 50 mM sodium phosphate buffer, 500 mM NaCl, 20 mM imi- 
dazole, pH 7.5. 

12. IMAC wash buffer: 50 mM sodium phosphate buffer, 500 mM NaCl, 35 mM imi- 
dazole, pH 7.5. 

13. IMAC elution buffer: 50 mM sodium phosphate buffer, 500 mM NaCl, 100 mM 
imidazole, pH 7.5. 

14. Ni-NTA resin (Qiagen). 

15. Polypropylene columns (Biorad). 

16. Bradford reagent (Biorad). 

17. 96-well microtiter plate. 

18. Phosphate-buffered saline (PBS), pH 7.5: 137 mM NaCl, 3 mM KC1, 8 mM 
Na 2 HP0 4 , 1.5 mMKH 2 P0 4 . 

19. Quartz cuvet. 

20. Standard sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE), 
apparatus. 
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2.6. ELISA 

1. 96-well flat-bottom flexible Falcon microtiter plates (Becton-Dickinson). 

2. PBS. 

3. 50 mM sodium carbonate buffer, pH 9.6. 

4. 2% MPBS: PBS containing 2% (w/v) skimmed milk powder. 

5. Horseradish peroxidase (HRP)-conjugated mouse anti-His-tag antibody (Santa 
Cruz Biotechnology). 

6. Anti-Myc-tag antibody 9E10 (Genosys). 

7. HRP-conjugated goat anti-mouse antibody (Dianova). 

8. TMB substrate buffer: 100 mM sodium phosphate buffer, pH 6.0. 

9. TMB substrate solution: add 100 uL of 10 mg/mL 3,3'-5,5'-tetramethylbenzidine 
(TMB) in dimethyl sulfoxide (DMSO) and 2 uL of 30% H 2 2 per 10 mL of TMB 
substrate buffer. 

10. Microtiter plate reader Spectromax 340 (MGW-Biotech). 

2.7. Flow Cytometry (FACS) 

1. 15-mL Polystyrol tubes (Nunc). 

2. 6-mL Polystyrol tubes (Becton Dickinson Falcon). 

3. Anti-His-tag antibody (Dianova). 

4. Cy3-conjugated goat anti-mouse antibody (Dianova). 

5. 1% fetal calf serum (FCS)/PBS (filtered). 

6. PBS. 

7. 3.7% formalin/PBS. 

8. Fluorescence-activated cell sorting (FACS) Calibur (Becton Dickinson). 

9. EDTA/PBS: 0.2 mg/mL EDTA in PBS. 

3. Methods 

3. 1. Construction of Bispecific Diabodies 

Bispecific diabodies in the V H -V L orientation are generated by expressing two 
polypeptide chains of the format V H A-V L B and V H B-V L A in the same cell. The 
genes that encode these chains are combined in a single expression plasmid 
(pABl). Each coding sequence is preceded by a ribosome binding site (RBS) 
and the pelB signal sequence-encoding region (Fig. 2). For purification and 
detection, one chain also contains at its 3'-end a sequence for the Myc-tag and a 
hexahistidyl-tag. For the construction of a bispecific diabody, appropriate 
cloning sites must be introduced into binding site A. There is a BstEll site in the 
3'-region of the Vh gene and a Sad site in the 5'-region of the Vl gene. The 
genes encoding the Vh and Vl domains of binding site B are then amplified by 
PCR, introducing a BstEll and a Ascl site into VlB and an Ascl site and a Sacl 
site into the VhB domain, which also contains the vector-encoded RBS and sig- 
nal sequence. The V L B and V H B fragments are then inserted into binding site A 
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LMB3 ^ HinD III RBS 



. . . CAGGAAACAGCTATGACCATGATTACGCCAA££.TTCTAGAGCATGCAAATTCTATTTCAAGGAGACAGTCATA 

Sfi I 
ATG AAA TAC CTA TTG CCT ACG GCA GCC GCT GGA TTG TTA TTA CTC G CG GCC CAG CCG G CC 
MKYLLPTAAAGLLILAAQPA 
pelB signal sequence 

Pst I Sal I Xho I Asc I Mot I 

ATG GCC CAG GTG CAG CTG CAG GTC GAC CTC GAG ATC AAA CGA GGC GCG Q ft G CG GCC GC A 
MAQVQLQVDLEIKRGAPAAA 



GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG AAT GGG GCC GCA CAT CAC CAT CAT CAC CAT 
EQKLISEEDLNGAAHHHHHH 
Mye-tag His-tag 

EcoR I ^ LMB2 
TAA TAAGAATTCCACTGGCCGTCGTTTTAC . . . 

Fig. 2. Sequence of the cloning site of expression vector pABl. The positions of 
screening primers LMB3 and LMB2 are indicated by arrows. The ribosome binding 
site (RBS), the pelB signal sequence, and the Myc- and His-tag are shown as boxes. 



contained in the expression plasmid by a two-fragment ligation step (Fig. 3). As 
starting material, we use scFv fragments cloned in a bacterial expression vector 
(e.g., pABl), which already contains a RBS and a signal sequence. 

3.1.1. Binding Site A: Introduction of a BstEII and a Sacl Site 

1. PCR-amplify DNA encoding the Vh domain of the first antibody (A) with primers 
LMB3 and VnABstFor introducing a BstEII site at the C-terminal region (if not 
already present). For PCR, we routinely use Taq polymerase as well as a proof- 
reading polymerase (Pfu, herculase) and 25 cycles for amplification. PCRs are per- 
formed in a total volume of 50 uL containing 250 [iM dNTPs, 1.5 mM MgCh, 1 
pmol of each primer, and 0.1 (_Lg template DNA. Each cycle consists of 30 s at 
94°C, 1 min at 50°C, and 1 min at 72°C. 

2. PCR-amplify DNA encoding the V L domain of the first antibody (A) with LMB2 
and a VLABstSacBack encoding the C-terminal region of the Vh domain (covering 
the BstEII site), a five-residue linker A, and introducing a Sad site at the N-termi- 
nal region of the Vl domain (see Fig. 3). 

3. Analyze PCR products on a 1% agarose gel in IX TAE buffer and isolate the frag- 
ments using the Qiaquick gel extraction kit. 

4. Digest the VhA fragment with Sfil and BstEII and the VlA fragment with BstEII 
and Noil. 

5. Clone into bacterial expression vector pABl digested with Sfil and Not! and trans- 
form into E. coli TGI (see Subheading 3.4.). The insert encodes a bivalent diabody 
Db-A. 



234 



Konterman et al. 



scFv A 



SCFv B 



O 



V^M^A | 



V H B tarfv[B |- 



PCR1a 

LMB3/ 
V H ABstFor 

digest 

S : i BslEI 



PCR1b 

LM82/ 
V L ABstSacBack 

digest 

BstEII/Notl 



PCH2a 

V H BAscBack / 
V H BSacFor 

digest 
Asd /Sad 



PCR2b 
V L BBstBack / 
V L BAscFor 

digest 

BslEII/Asd 



V H A 



M^ 



cloning 
into pAB1 



Sfil BstEII Sad Notl 
L 



o ||v H B^ [ y^T} 



V^A^V^j- 



digest: BstEII I Sad 



BstEII 



SqcI 



V H A.. CTG ETC AC C GTC TCC GCA GGC GGT GGC GGA TCG GAG ATC G AG CTC . .V L A 
L V T V S 5 G 6 C, G 1 D I E L 



Sfil BstEII 



bi specific diabody 

AscI 



Sad Notl 



O 



V H A|f^B" 



VmB 



M 



V L A h- 



A5CI 

V t B..TAA 5G£5££££AATGATTACGCCAAGCTTTCTAGAGCATGCAAATTCTATnCAAGGAGACAGTCATA ATG .. sig. -seq. .V H B 
* M 

Fig. 3. Construction of a bispecific diabody (Db). In a first step, a ZfafEII and a Sad 
site are introduced into the variable fragments of binding site A. The variable fragments 
of binding site B are then amplified, introducing the short linkers A and B as well as an 
AscI site in front of the untranslated region of the VhB fragment. These fragments are 
then combined with binding site A to generate a bispecific diabody construct. 



6. Prepare plasmid DNA (pABl-Db-A) from a 50-mL overnight culture grown in 
LB/amp/1% glucose medium using a DNA plasmid midiprep kit. 

7. Digest plasmid DNA with BstEII and Sad. 

3. 1.2. Binding Site B: Amplification and Insertion of Cloning Sites 

1. PCR-amplify DNA encoding the Vjj domain of the second antibody (B) with 
VnBAscBack, annealing in the 5'-untranslated region preceding the pelB leading 
sequence and beginning with an Asd site, and VnBSacFor encoding a five-residue 
linker B and a Sad site. 

2. PCR-amplify DNA encoding the Vl domain of the second antibody (B) with 
VLBAscFor, encoding the N-terminal half of the linker M beginning with an Asd 
site and a backward primer encoding a five-residue linker A and a ZJ.vfEII site. 



Recombinant Bispecific Antibodies 235 

3. Analyze PCR products on a 1% agarose gel in IX TAE buffer and isolate the frag- 
ments using the Qiaquick gel extraction kit. 

4. Digest the VhB fragment with Ascl and SacI and the VlB fragment with BstEII and 
Ascl. 

3.1.3. Combining DNA Encoding Binding Sites A and B 

1. Clone digested fragments VhB and VlB into plasmid pABl-Db-A digested with 
BstEII and Sad. Use a molar ratio of insert to vector of approx 3:1 in a 20-uL 
reaction and 1 U of DNA ligase. Incubate overnight at 15°C and transform into E. 
coli TGI (see Subheading 3.4.). The insert encodes a bispecific diabody (Fig. 3). 

2. Screen for positive clones by PCR with primers LMB3 and LMB2 as described in 
Subheading 3.4. Positive clones yield a PCR product of 1 .6 kb. 

3. Use positive clones for further analysis (Subheadings 3.5-3.7). 

3.2. Construction of Bispecific ScDbs 

To avoid non-functional diabody formation comprised of homodimers, the 
two polypeptide chains are fused together by a middle-linker M that generates a 
bispecific single-chain diabody. Linker M consists of the non-repetitive 15- 
amino acid sequence GSDSNAG/MSAGNTS (17). The underlined amino acids 
(in Fig. 4) are encoded by a nucleotide sequence containing the Ascl restriction 
site. The coding sequence for the scDb is preceded by a RBS and the pelB sig- 
nal sequence-encoding region. At the 3'-end of the gene encoding the antibody- 
fragment sequences coding for the Myc-tag and the hexahistidyl-tag are added, 
which are needed for purification and detection. The construction of bispecific 
scDbs is very similar to the construction of bispecific diabodies (Subheading 
3.1.). Differences occur in the sequences of the oligonucleotides. 

1. Introduce a BstEII and a SacI site into binding site A as described in Subheading 
3.1.1. 

2. PCR-amplify DNA encoding the Vh domain of the second antibody (B) with 
MVnBAscBack, annealing at the 5'-end of VhB, beginning with an Ascl site and 
encoding the C-terminal part of linker M, and VnBSacFor encoding a five-residue 
linker B and a SacI site. 

3. PCR-amplify DNA encoding the Vl domain of the second antibody (B) with VlB- 
MAscFor, annealing at the 3'-end of VlB, ending with an Ascl site and encoding 
the N-terminal part of linker M, and VLBBstBack encoding a five-residue linker A 
and a BstEII site. 

4. Analyze PCR products on a 1% agarose gel in IX TAE buffer and isolate the frag- 
ments using the Qiaquick gel extraction kit. 

5. Digest the VhB fragment with Ascl and SacI and the VlB fragment with BstEII and 
Ascl. 

6. Combine DNA-encoding binding sites A and B as described in Subheading 3.1.3. 
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Fig. 4. Construction of a bispecific scDb. As for the construction of bispecific dia- 
bodies (Subheading 3.1.) a BstEII and a Sad site are introduced into the variable frag- 
ments of binding site A. The variable fragments of binding site B are then amplified, 
introducing the short linkers A and B as well as a linker M sequence containing an AscI 
site in the middle. These fragments are then combined with binding site A to generate a 
bispecific scDb construct. 



3.3. Generation of Bispecific taFv 

In order to generate a bispecific taFv the polypeptide chains of two scFvs 
are fused together with a middle-linker M. The sequence of linker M was 
selected from a taFv library and consists of the following six amino acids: 
STDGNT. Similar to the scDb, the coding sequence of the taFv is preceded 
by a RBS and the pelB signal sequence-encoding region. At the C-terminus 
of the taFv sequence, a Myc-tag and a hexahistidyl-tag are added that enable 
the purification and detection of the antibody construct. For the construction 
of a taFv, appropriate cloning sites must be introduced into scFv A (binding 
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Fig. 5. Construction of a bispecific taFv. ScFv A is amplified to introduce a Xhol 
site at the 3'-end of VlA and scFv B is PCR-amplified to introduce a Xhol site and a 
linker M-encoded sequence at the 5'-end of VhB. These fragments are then combined 
to generate a bispecific taFv construct. 



site A) and scFv B (binding site B). By PCR-amplification of scFv A a Sfil 
site is introduced at the 5'-region and a Xhol site at the 3'-region. To connect 
the scFv B with the scFv A, a Xhol site and the linker M must be introduced 
at the 5'-region of scFv B. At the 3'-region of this scFv, a Notl site must be 
introduced. The two resulting fragments are then inserted in a bacterial 
expression vector (e.g., pABl) by a two-fragment ligation step. In this case, 
the bacterial expression vector already contains the RBS and the pelB leader 
sequence (Fig. 5). 
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3.3.1. Binding Site A: Introduction of a Sfil and a Xhol Site 

1. PCR-amplify DNA encoding the scFv A with primers LMB3 and VLAXhoFor for 
introducing a Sfil site at the 5'-region and a Xhol site at the 3'-region. Perform PCR 
as described in Subheading 3.1.1. 

2. Analyze PCR product on a 1% agarose gel in IX TAE buffer and isolate the frag- 
ment using the Qiaquick gel extraction kit. 

3. Digest the scFv A fragment with Sfil and Xhol. 

3.3.2. Binding Site B: Amplification, Insertion of Cloning Sites, 
and Linker M 

1. PCR-amplify DNA encoding the scFv B with primers LMB2 and V H BXhoBack 
annealing at the 5'-end of scFv B, beginning with a Xhol site and encoding the 
linker M. 

2. Analyze PCR product on a 1% agarose gel in IX TAE buffer and isolate the frag- 
ment using the Qiaquick gel extraction kit. 

3. Digest the scFv B-fragment with Xhol and Noil. 

3.3.3. Combining DNA Encoding ScFv A and ScFv B 

1. Clone digested fragments scFv A and scFv B into bacterial expression vector 
digested with SfiVNotl {see Subheading 3.1.3.) and transform into E. coli TGI (see 
Subheading 3.4.). The insert encodes a bispecific taFv (Fig. 5). 

2. Screen for positive clones by PCR with primers LMB3 and LMB2 as described in 
Subheading 3.4. Positive clones yield a PCR product of 1 .6 kb. 

3. Use positive clones for further analysis (Subheadings 3.5 to 3.6.). 

3.4. Transformation and Screening of Positive Clones 

3.4. 1. Preparation of Competent Bacteria 

1. Grow an E. coli TGI overnight culture in LB medium at 37°C. 

2. Inoculate 50 mL of LB medium with 500 |i,L of the TGI overnight culture and 
incubate shaking at 37°C until an OD600 of 0.4 is reached. 

3. Centrifuge cells at 500g for 15 min. 

4. Resuspend pellet in 20 mL of ice-cold 100 mM CaC^ and incubate on ice for 30 
min. 

5. Centrifuge cells at 500g for 15 min. 

6. Resuspend cells in 2 mL of LB medium and incubate on ice for 2 h. 

7. Add glycerol to a final concentration of 20%. 

8. Use directly for transformation or store at -80°C. 

3.4.2. Transformation 

1. Add 10 |0L of ligation reaction from Subheadings 3.1., 3.2., or 3.3. to 100 \lh of 

competent cells. 

2. Incubate on ice for 30 min. 
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3. Perform a heat shock by incubating cells for 60 s at 42°C in a water bath. 

4. Immediately put cells on ice and incubate for 2-3 min. 

5. Add 1 mL of LB and incubate shaking at 37°C for 45 min. 

6. Centrifuge at 3,000g for 2 min and resuspend cell pellet in 100 |JL of LB. 

7. Plate onto a LB/amp/1% glucose plate and incubate at 37°C overnight. 

3.4.3. Identification of Positive Clones by PCR Screening 

1. Pick individual colonies with a toothpick and inoculate 20 |lL of PCR reaction mix- 
ture (see Subheading 3.1.1., step 1) containing primers LMB3 and LMB2. 

2. In order to obtain bacterial colonies, streak toothpick onto LB/amp/1% glucose 
plates. Incubate plates at 37°C overnight (this is your master plate). 

3. Run PCR (94°C denaturation for 30 s, 50°C annealing for 1 min, 72°C extension 
for 1.5 min, 30 cycles). 

4. Analyze PCR on a 1% agarose gel in IX TAE buffer. Positive clones yield a PCR 
product of approx 1.6 kb. 

5. Confirm correct sequence by DNA sequencing analysis. 

3.5. Expression and Purification 

1. Grow a 15-mL overnight culture of your antibody construct in LB/amp/1% glucose 
medium at 37°C. 

2. Inoculate 1 L of LB/amp/0.1% glucose medium with 10 mL of overnight culture. 

3. Incubate shaking at 37°C until an ODgoo of 0.8 is reached (this takes approx 2.5 h). 

4. Add IPTG to a final concentration of 1 mM and incubate shaking at 23°C for 3 h. 

5. Pellet cells by centrifugation at 4,500g for 15 min. 

6. Resuspend cells in 100 mL of PPB buffer. 

7. Add lysozyme to a final concentration of 50 |lg/mL. 

8. Incubate on ice for 15 min. 

9. Add MgSC>4 to a final concentration of 10 mM. 

10. Centrifuge at 1 l,000g for 15 min. 

11. Dialyze supernatant against IMAC loading buffer overnight at 4°C. 

12. Centrifuge solution for 15 min at 1 l,000g. 

13. Meanwhile, pour 1 mL of Ni-NTA resin into a chromatography column and equili- 
brate with IMAC loading buffer. 

14. Load sample onto column by gravity. 

15. Wash column with 10-20 mL of IMAC wash buffer. 

16. Elute bound protein with IMAC elution buffer and collect 500-|lL fractions. 

17. Identify positive fractions by adding 10-20 |i,L of eluted fractions to 100 |i,L of 
Bradford reagent (in a microtiter plate). Positive fractions show a blue reaction. 

18. Combine positive fractions and dialyze against 2-5 L of PBS overnight. 

19. Measure OD280 of dialyzed sample. 

20. Protein concentration can be determined using the calculated extinction coefficient 
(e) of the antibody molecule (e = number of tryptophans x 5,690 + number of 
tyrosines x 1,280). Molarity (M) of the protein solution is then calculated as: 
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OD28c/£- Protein concentration can be calculated using the known mol wt of the 
antibody molecule (see Notes 1 and 2). 

21. Check purity of the sample by SDS-PAGE. Single bands of 50-60 kDa should be 
observed for scDbs and taFvs, and two bands of 25-30 kDa should be seen for bis- 
pecific diabodies. 

22. Store purified protein at -20°C. 

3.6. ELISA 

1. Coat a microtiter plate with your antigen at 1-10 |ig/mL overnight in a suitable 
buffer (PBS or carbonate buffer, pH 9.6) at 4°C. Use one or more appropriate pro- 
teins as negative controls. 

2. Block remaining binding sites with 2% MPBS at room temperature for 1-2 h. 

3. Dilute antibody fragments in 2% MPBS and pipet 100 uL of the dilution per well. 
Incubate at room temperature for 1 h. 

4. Wash plate 6x with PBS. 

5. Dilute HRP-conjugated anti-His-tag antibody 1:1,000 in 2% MPBS and pipet 100 
U.L per well. Alternatively, dilute anti-Myc-tag antibody 9E10 to 10 Ug/mL in 2% 
MPBS. Incubate at room temperature for 1 h. 

6. Wash plate 6x with PBS. 

7. If 9E10 has been used, dilute HRP-conjugated goat-anti-mouse-IgG antibody 1:1,000 
in 2% MPBS and pipet 100 uL per well. Incubate at room temperature for 1 h. 

8. Wash plate 6x with PBS. 

9. Add 100 uL of TMB substrate solution per well and incubate until blue color has 
developed. Stop reaction by adding 50 |lL of 1 M sulfuric acid. Read plate at 450 
nm in a microtiter plate reader (see Note 3). 

3.7. Flow Cytometry (FACS) 

Use cells that are not incubated with antibodies, and incubated with an irrel- 
evant antibody (isotype) as well as negative cells as controls. 

1. Detach cells with 0.2 mg/mL EDTA/PBS (1 x 10 6 cells per sample). 

2. Wash cells once with PBS and once with 1% FCS/PBS. 

3. Incubate cells with 10-20 Ug/mL antibody fragments in 1% FCS/PBS on ice for 30 
min. 

4. Wash cells once with 1% FCS/PBS. 

5. Dilute anti-His-tag antibody 1:200 in 1% FCS/PBS. Pipet 100 uL to the cells and 
resuspend the cells carefully. Incubate on ice for 30 min. 

6. Wash cells once with 1% FCS/PBS. 

7. Dilute goat-anti-mouse-Cy3 antibody 1:200 in 1% FCS/PBS. Pipet 100 uL to the 
cells and resuspend the cells carefully. Incubate on ice for 30 min. 

8. Wash cells once with 1% FCS/PBS and once with PBS (optional: fix cells with 
3.7% formalin/PBS for 10 min, then wash cells twice with PBS). 

9. Resuspend washed cells in 500 uL PBS and analyze by flow cytometry (e.g., in a 
FACS Calibur). 
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4. Notes 

1 . If only small amounts of antibody molecules are isolated from the periplasm, check to 
determine whether antibody molecules are secreted into the cell-culture supernatant. 

2. Expression may not be possible in bacteria (especially with taFv). Use other 
expression systems such as Pichia pastoris, mammalian cells, or plants {see Chap- 
ters 15 and 17 and ref. //). 

3. It is essential to check for bispecific binding of the recombinant constructs in order 
to ensure that both binding sites are functional. If no binding is observed for one or 
even both binding sites, different formats should be tested. In addition, it may be 
necessary to switch the order of the binding sites. 
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Expression and Isolation of Recombinant 
Antibody Fragments in E. coli 

Keith A. Charlton 



1. Introduction 

Central to the rapid growth in the study and application of recombinant anti- 
bodies in recent years is the ability to reliably and cost-effectively produce 
large quantities of functional protein. In contrast to glycosylated whole mono- 
clonal antibodies (MAbs), functional derivatives (antibody fragments) carrying 
antigen (Ag)-binding activities, and comprising at minimum the antibody vari- 
able heavy- and light-chain domains, can be readily produced in bacterial cells 
(7). The range of antibody (Ab) fragments that can be produced in this way 
includes F(ab)2 and Fab', which can also be generated by proteolytic digestion 
of MAb, and smaller variants such as Fv, scFv, and scAb (single-chain anti- 
body). Even single domains that comprise only the heavy-chain or the light- 
chain variable region can display Ag-binding activity, although these are not 
discussed specifically in this chapter. The smallest derivatives that retain the 
Ag-binding specificity of parental MAbs are Fv fragments. However, as the 
two domains are held together only by non-covalent hydrophobic interactions, 
they are prone to dissociate. This can be overcome by chemical crosslinking or 
the introduction of inter-chain disulfide bonds, or more often by the inclusion 
of a short peptide linker into expression constructs to produce scFv. Further 
variants include the addition of a range of suitable (C-terminal) tags for the 
purification or detection of expressed protein, such as a human Ck domain 
(scAb) (2), c-myc, or hexahistidine. 

Ab fragments have a number advantages over MAbs in clinical applications 
related to their small size. In particular, scFvs, at approx 1/6 the size of whole 
antibodies, are less immunogenic (when derived from nonhuman origins), have 
the potential for greater tissue penetration, and are more rapidly cleared from 
nonspecific tissues. They afford additional opportunities such as the covalent 
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attachment of drugs or radioactive isotopes for targeted therapy or imaging and 
can be engineered to exhibit dual specificities (3) (see Chapter 13). In most 
applications, for reasons of ease of transformation and manipulation, E. coli is 
the expression host of choice for laboratory research. Although other systems 
may produce higher yields of some antibodies, as discussed in Chapters 15-17, 
bacteria are unrivaled for the very rapid production and purification of protein 
for subsequent analysis (4). The majority of expression vectors currently used 
are based on the pUC family (5). These include the ColEl replication origin to 
maintain high copy number under optimal growth conditions, such as 37°C. 
However, copy number can be reduced dramatically when cells are grown at 
suboptimal temperatures. Essential to efficient high expression of antibody 
fragments is tight control over transcription. The lac (and hybrid tac) promoter 
system is very popular because it is readily induced with isopropyl-l-(3-D-thio- 
galactopyranoside (IPTG) and is repressed by glucose. The latter is of particu- 
lar importance when expressing proteins that are toxic to the host such as 
exported antibody fragments, as excessive basal transcription can slow or arrest 
bacterial growth. Under these conditions, plasmids are not efficiently repli- 
cated, and can easily be lost. An in-depth discussion of the various vector sys- 
tems available is beyond the scope of this chapter, and it will be assumed that 
readers have access to suitable expression vectors. 

There are three locations from which bacterially expressed proteins can be 
isolated (6) — the cytoplasm, the periplasm, and the culture supernatant (Fig. 1). 
E. coli usually secretes very few proteins into the extracellular medium. Recom- 
binant proteins exported to the medium are least likely to be degraded by bacter- 
ial proteases, and purification is simplified by the lack of contaminating proteins. 
Conversely, the levels of protein found in culture supernatants are generally very 
low, and the volumes of material to be processed are very high. Antibody frag- 
ments directed to the periplasm are often found in culture supernatants, a process 
often referred to as "secretion into the medium." More accurately, the observa- 
tions are usually the result of leakiness of the outer membrane under expression 
conditions, possibly because of the accumulation of insoluble aggregates within 
the periplasm or interference with the export of essential outer membrane com- 
ponents. Proteins expressed without an N-terminal signal sequence remain in the 
cytoplasm and form aggregates of insoluble folding intermediates or inclusion 
bodies. This can result in high protein yields, protection from proteolysis, and 
protection of the host cell against the toxic effects of export. The protein is pro- 
duced in a non-functional form, and must be solubilized and re-folded using 
time-consuming and labor-intensive procedures. Final yields of biologically 
active material are often very low when using this approach. 

A significant advance in the development of Ab engineering came about 
when it was demonstrated that Ab fragments could be exported to the bacterial 
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Fig. 1 . Schematic representation of the localization of recombinant Ab fragments 
expressed in E. coli using different vectors and under different culture conditions. 



periplasm by the inclusion of an N-terminal secretion signal sequence. Within 
the periplasmic space, Ab fragments are able to fold correctly, aided by the for- 
mation of intra-domain disulfide bonds made possible by the oxidative envi- 
ronment, and remain in a soluble form (7,8). The choice of bacterial signal 
sequence does not appear to be of major importance, as several have been used 
successfully, such as OmpA, PelB, PhoA, OmpF, (3-lactamase, and many others 
(9-14). Upon transport into the periplasmic space, signal peptides are cleaved 
leaving the correct N-terminal sequence. High-level expression of recombinant 
proteins in E. coli, and subsequent export to the periplasm often result in the 
formation of insoluble aggregates (15). This not only reduces protein (func- 
tional) yield, but can also lead to growth arrest and cell lysis. The accumulation 
of insoluble material was once believed to reflect the solubility and stability of 
the Ab fragments involved. More recent research suggests that the solubility 
and stability of folding intermediates determine the extent of aggregation (16). 
It is generally accepted that such effects can be reduced by induction and 
expression of Ab fragments (scFv, scAb, and Fab) at 20-25°C (16,17). This 
does not prevent aggregation completely, but does appear to increase the pro- 
portion of correctly folded functional protein produced. Significant improve- 
ments in the yields of soluble recombinant Ab fragments have also been 
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obtained by identifying and overexpressing E. coli periplasmic chaperones 
such as Skp (18,19) and other proteins involved in modulating folding, such as 
the peptidylprolyl cis,trans-isomemse FkpA (20). Periplasmic aggregation can 
also be reduced by induction of cultures in growth medium supplemented with 
osmotic stress-inducing concentrations of non-metabolized compounds. These 
include 1 M sorbitol and 2.5 mM glycine betaine (3,21), or 0.4 M sucrose (22). 

In a number of studies of individual recombinant Ab fragments, specific 
residues have been identified that contribute to poor protein folding. Some of 
these are exposed hydrophobic residues located at the interface between vari- 
able and constant domains (23), and thus are not problematic for Fab frag- 
ments, while others are located in both framework and CDR regions (24-26). 
In each case, mutation of the residue(s) resulted in improved solubility and 
decreased toxicity. A final consideration is that of codon usage. Many antibody 
fragments include codons that may not be effectively used in the host organism 
chosen for expression (27). Generally, with E. coli, there is little to be gained 
by engineering Ab fragment genes to include only those codons used most fre- 
quently. However, there may be advantages to precluding those codons used 
least frequently. 

Recombinant Ab fragments expressed in the periplasm of E. coli can be 
readily released by lysozyme/EDTA treatment and mild cold osmotic shock. 
The crude Ab fragment is most conveniently purified from the periplasmic 
release fraction or culture supernatant by immobilized metal affinity chelate 
chromatography (IMAC) via a C-terminal poly-histidine tag incorporated into 
the expression vector. Detailed methods for purification of expressed recombi- 
nant Ab fragments are given in Chapter 22. 

2. Materials 

All media and buffers are prepared with ultrapure water (>18 MQ/cm) and 
autoclaved. Antibiotics and glucose are added after cooling media to 50°C. 
Quantities given are for 1 L of medium. 

2. 1. Expression of Recombinant Antibody Fragments 
(for Subheadings 3.1. , 3.2., and 3.4.) 

1. E. coli strain XLl-Blue {supE44 hsdRll recAl endAl gyrA46 thi relAl 
lacF'lproAB + lacW lacZAMl5 Tnl0(fef r )]} (Stratagene). 

2. E. coli strain TGI {K12 D(lac-pro) supE thi hsdD5/F'traD36 proA + B + lacl<i 
/acZAM15} (Stratagene). 

3. 2TY medium: 16 g Bacto-peptone, 5 g Bacto-yeast extract, 5 g NaCl, pH 7.5. 

4. 2TY-amp/glu: 2TY medium supplemented with 100 |ig/mL ampicillin and 2% 
(w/v) glucose. 

5. 2TY-amp/suc: 2TY medium, 0.4 M sucrose (see Note 1), 100 Ug/mL ampicillin. 
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6. TB (Terrific broth): 12 g Bacto-tryptone, 24 g Bacto-yeast extract, 4 mL glycerol 
dissolved in 800 mL milli-Q water, made up to 900 mL and autoclaved. Separately 
make up and sterilize a 100-mL solution containing 2.31 g KH2PO4 and 12.54 g 
K2HPO4, and add to the cooled broth. 

7. TB-amp/glu: TB medium supplemented with 100 |ig/mL ampicillin and 2% (w/v) 
glucose. 

8. TB-amp/suc: TB medium, 0.4 M sucrose, 100 Ug/mL ampicillin (see Note 1). 

9. LB (Luria-Bertani) broth: 10 g Bacto-peptone, 5 g Bacto-yeast extract, 5 g NaCl, 
pH7.5. 

10. LB-amp/glu: LB medium supplemented with 100 |ig/mL ampicillin and 2% (w/v) 
glucose. 

11. 1 M IPTG stock solution (store at -20°C). 

2.2. Isolation of Recombinant Antibody Fragments 
(for Subheadings 3.3. and 3.5.) 

1. Amicon high-performance stirred ultrafiltration cell (Millipore). 

2. Amicom YM 10 membrane with 10-kDa cut-off (Millipore). 

3. ST buffer: 200 mM Tris-HCl pH 7.5, 20% (w/v) sucrose. 

4. 1 M EDTA stock solution. 

5. Hen egg lysozyme (Sigma-Aldrich; Cat. #L-6876). 

6. Dialysis buffer: 50 mM Tris-HCl, 1 M NaCl, 10 mM imidazole, pH 7.0. 

7. STE buffer: 20% sucrose, 100 mM Tris-HCl, pH 7.4, 10 mMEDTA. 

8. TE buffer: 10 mM Tris HC1, pH 7.4, 1 mM EDTA. 

3. Methods 

A variety of methods for expressing and isolating recombinant Ab fragments 
in E. coli are available in the literature, which can lead to confusion among 
those who are not familiar with this area. The experience of our lab (and others) 
is that different protocols are best applied to different Ab fragment formula- 
tions. With this in mind, separate methods are given for scFv, scAb, and Fab 
fragments. The reader should also note that variations in the sequences of dif- 
ferent antibodies and the use of different vectors will affect protein expression. 
It is therefore recommended that some small-scale experiments be carried out 
to optimize conditions for each clone. 

3. 1. Expression of scFv Fragments 

1. Inoculate 10 mL of 2TY-amp/glu with a single fresh colony of XLl-Blue trans- 
formed with the scFv expression vector and grow at 37°C overnight. 

2. Dilute the overnight culture 1:50 in fresh 2TY-amp/glu (see Note 2), and incubate 
at 37°C with vigorous shaking (200-250 rpm) to an optical density 600 nm (OD^oo) 
of 0.6-0.8. 

3. Pellet the cells by centrifugation at 3,000g for 20 min at 20°C. 
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4. Resuspend the cells in the same volume of 2TY-amp/suc (see Note 1) and incubate 
at 20-25°C for 1 h (see Note 3). 

5. Add IPTG to a final concentration of 0.1 mM (see Note 4) and continue incubation 
at 20-25°C (see Note 5) overnight (16 h) with shaking (see Notes 6, 7). 

6. Collect the cells by centrifugation at 6,000g for 30 min. Retain the culture super- 
natant and keep on ice (see Note 8). 

3.2. Expression of scAb Fragments 

1. Inoculate 10 mL of TB-amp/glu with a single fresh colony of XLl-Blue trans- 
formed with the scAb expression vector and grow overnight at 37°C. 

2. Dilute the overnight culture 1:50 in fresh TB-amp/glu, and incubate at 37°C with 
vigorous shaking (200-250 rpm) for 7-8 h (see Note 2). 

3. Pellet the cells by centrifugation at 3,000g for 20 min at 20°C and resuspend in 
fresh TB-amp/glu. Incubate overnight at 20-25°C with shaking (see Note 9). 

4. Pellet the cells as in step 3 and resuspend in the same volume of fresh TB-amp or 
TB-amp/suc (see Note 8). Incubate for 1 h at 20-25°C for cells to recover. 

5. Induce the culture by addition of IPTG to a final concentration of 0. 1 mM (see Note 
4), and continue incubation for 4-16 h (see Notes 6, 7). 

6. Collect the cells by centrifugation at 6,000g for 30 min. Retain the culture super- 
natant and keep on ice (see Note 8). 

3.3. Isolation of Soluble scFv/scAb Fragments 

1. Remove any remaining cells or cell debris from the retained culture supernatant by 
centrifuging at 20,000g for 45 min at 4°C. 

2. Concentrate the solution using an Amicon ultrafiltration cell and YM 10 membrane 
(see Note 11). 

3. Remove any remaining culture supernatant from cell pellets by pipetting or blotting 
with tissue paper. 

4. Prepare fractionation buffer by adding 1 M EDTA to ice-cold ST buffer to a final 
concentration of 1 mM, and lysozyme to 500 |lg/mL (see Note 12). 

5. Resuspend the cell pellet in 10% culture volume ice-cold fractionation buffer (see 
Note 13) and shake gently on ice for 15 min (see Note 14). 

6. Add an equal volume of ice-cold water and continue shaking gently on ice for an 
additional 15 min. 

7. Pellet the spheroplast suspension by centrifugation at 20,000g for 30 min at 4°C, 
and carefully decant the supernatant containing released periplasmic proteins into a 
clean tube (see Note 15). 

8. Pass the periplasmic release fraction through a 0.45-|im disposable filter. 

9. The periplasmic release fraction can be combined with the concentrated culture 
supernatant (step 2), and dialyzed against 2-3 changes 50 mM Tris-HCl, 1 M NaCl, 
10 mM imidazole, pH 7.0 (see Note 16). 

10. For a detailed description of immobilized metal affinity chromatography (IMAC) 
purification, see Chapter 22. 
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3.4. Expression of Fab Fragments 

1. Inoculate 10 mL of LB-amp/glu with a single fresh colony of XLl-Blue or TGI trans- 
formed with the Fab expression vector and grow overnight at 37°C (see Note 17). 

2. Inoculate the overnight culture into 1 L of fresh LB -amp (see Note 2) and incubate 
with vigorous shaking at 37°C to ODgoo 0.6-0.8. 

3. Induce the culture by addition of IPTG to a final concentration of 0. 1 mM (see Note 
4), and continue incubation at 20-25°C for 16-24 h. 

4. Collect the cells by centrifugation at 6,000g for 30 min at 4°C. 

3.5. Isolation of Fab Fragments 

1. Remove any remaining culture supernatant from cell pellets by pipetting or blotting 
with tissue paper. 

2. Resuspend the cell pellet in 10% culture volume ice-cold STE buffer and incubate 
on ice with gentle shaking for 1 h (see Notes 14, 18). 

3. Pellet the cells by centrifugation at 6,000g for 30 min at 4°C. 

4. Resuspend the pellet in 10% culture volume ice-cold TE buffer and incubate on ice 
with gentle shaking for 15 min. 

5. Pellet the cells by centrifugation at 6,000g for 30 min at 4°C and carefully decant the 
supernatant containing released periplasmic proteins into a clean tube (see Note 15). 

6. Dialyze the periplasmic release fraction against 2-3 changes 50 mM Tris-HCl, 1 M 
NaCl, 10 mM imidazole, pH 7.0 (see Note 16). 

7. For a detailed description of IMAC purification, see Chapter 22. 

4. Notes 

1. 2TY-amp/suc (and TB-amp/suc) are prepared by adding 137 g sucrose to 1 L sterile 
2TY-amp (TB-amp) medium immediately before use. The inclusion of 0.4 M sucrose 
can significantly increase yields of some Ab fragments, particularly scFvs (22). 

2. Improved growth of E. coli (and protein yields) in shake-flask cultures are obtained 
when cells are grown in baffled flasks that increase oxygenation of the growth 
medium. Single 500-mL cultures can be grown in 2-L flasks or multiple 50-mL cul- 
tures in 250-mL flasks. 

3. When the growth medium is replaced, the culture will enter lag phase. Incubation in 
fresh medium for 1 h allows the culture to begin exponential growth prior to induction. 

4. This concentration of IPTG was found to be optimal when low-density cultures are 
induced (e.g., induction at OD^oo 0.6-0.8). For very high cell densities (Subhead- 
ing 3.2.), higher concentrations (1 mM) can be used. Because IPTG is an expensive 
reagent, it is recommended that small-scale expressions are carried out to optimize 
conditions for each vector/antibody used. 

5. Induction of antibody fragments at suboptimal growth temperatures reduces the 
accumulation of insoluble partially folded aggregates in the periplasmic space, thus 
increasing yields of functional protein. 

6. Antibody fragments are a very heterologous group of proteins, and factors such as 
folding efficiency and host-cell toxicity will vary considerably. Cell lysis causes a 
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significant proportion of the antibody to leak into the culture supernatant, and the 
release of proteases and nucleic acids that reduce protein yields and make subse- 
quent isolation and purification more complex. It is advisable to generate growth 
curves for each antibody under inducing conditions to determine the time at which 
cell lysis begins, indicated by a reduction in culture OD^oo- 

7. Increasingly, antibody fragments are generated using phage display technology. 
The repeated expression of scFvs in TGI cells as fusions to the phage minor coat 
protein, and export to the periplasm, drives selection to favor those antibodies that 
express at least reasonably well. In comparison, antibody fragments derived from 
hybridoma cell lines exhibit a much wider range of expression yields, and can be 
very toxic to E. coli. 

8. The inclusion of sucrose in growth medium results in an increase in the amount of 
protein localizing in the culture supernatant, particularly when prolonged induction 
times are used. In the case of scFvs, it may also promote the formation of dimeric 
antibody fragments (diabodies), in which the Vjj of one molecule associates with 
the Vl of a second, and vice versa (3). 

9. We have found that the use of very rich (TB) medium and growth of cultures to 
high cell density before induction gives high yields of scAb fragments over short 
induction times (<4 h). Prolonged induction can lead to cell lysis. 

10. Although the addition of sucrose to the growth medium can significantly increase 
yields of scFvs, we find improvements in yield of scAbs to be very variable. It is 
advisable to determine its effect for each different scAb. 

11. Any other protein concentrator with a mW cutoff of 10-12 kDa may be used. 

12. A high concentration of Tris-HCl together with EDTA serves to destabilize the bac- 
terial outer membrane and facilitate release of periplasmic proteins. Lysozyme 
cleaves the peptidoglycan matrix that makes up the cell wall, releasing recombinant 
protein held behind or within the matrix (29). 

13. When expressing scAbs at high cell density (Subheading 3.2.), it may be neces- 
sary to use 20% culture volume fractionation buffer because of the large cell pellet. 

14. The cell pellet is best resuspended using a 10 mL Gilson with the end of the tip cut- 
off to increase the hole size or a disposable pipet and hand pump. 

15. The cell pellet will be quite loose after fractionation and osmotic shock. It may be 
necessary to extend the spin time to firm up the pellet. 

16. The addition of 10 mM imidazole to the dialysis buffer helps to prevent nonspecific 
binding of E. coli proteins to the Ni 2+ resin during IMAC purification. It does not 
inhibit binding of recombinant proteins with a hexa-histidine tag. Other buffers can 
be substituted, as suggested by the nickel column supplier used. 

17. Fab fragments can be successfully expressed in either XLl-Blue or TGI cells. TGI 
cells are reported to give yields as much as lOx greater than those observed with 
the same Fab fragment expressed in XLl-Blue (28). The improved yields result in 
part from the faster growth rate of TGI and resulting higher cell densities, but they 
also express higher levels of soluble protein (Fab) per g wet cell weight. 

18. Incubation in excess of 1 h can lead to leakage of the Fab fragments into the 
supernatant. 
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Expression of Recombinant Antibodies 
in Mammalian Cell Lines 

Paul J.Yazaki and Anna M.Wu 



1. Introduction 

1. 1. Recombinant Antibody Expression Systems 

Since the advent of hybridoma technology, mammalian-cell culture has been 
employed for the expression and high-level production of monoclonal antibod- 
ies (MAbs). Recent adaptations in recombinant technology have developed the 
use of numerous prokaryotic and eukaryotic systems for the expression of het- 
erologous molecules. The major systems used for MAb expression have been 
reviewed and compared (1,2), and a number of the key methodologies are 
detailed within this series. Prokaryotic expression systems offer the potential of 
high production yields at a substantial reduced cost of goods (see Chapter 14). 
However, because of the complexity of the protein-folding pathway, bacterial 
expression has been limited to small antibody fragments, and in some cases may 
require refolding to produce a biologically active product. Another limitation is 
that recombinant MAbs expressed in bacteria are aglycosylated and can result in 
the reduction or loss of biological effector functions (3). For large, multidomain 
molecules such as full-length MAbs or complex recombinant antibody frag- 
ments, eukaryotic systems such as mammalian or yeast expression have been 
utilized. Currently, nine US FDA-licensed Mabs for in vivo human use have been 
expressed from mammalian-cell culture for commercial production. 

Ultimately, the key consideration in choosing a host organism is dictated by 
the intended purpose of the MAb product. For example, initial research studies 
may require only limited amounts of material to evaluate biological activity 
and specificity, whereas products intended for in vivo clinical use must con- 
form to very stringent criteria. Some of the factors to be anticipated for clinical 
development include biological activity, specificity, molecular structure, scala- 
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bility in production, quality and purity of product, lack of toxicity and immuno- 
genicity, and cost. 

1.2. Mammalian Expression 

For mammalian expression, there are two modes of expression — transient 
and stable expression. Although stable expression is required for long-term 
production, transient expression can be a valuable tool. The host-cell line most 
commonly used is the COS-1 monkey cell, which transformed by an origin 
defective SV40 mutant, allows high copy-number replication of plasmids that 
contain an SV40 origin of replication (4). The high transcription of the plasmid 
DNA, although toxic to the cells, offers the potential for rapid expression of 
new recombinant molecules. Yields from transient expression have been 
reported to be 0.1-4 |a^g/mL (5). 

Stable expression requires the integration of the complete gene of interest 
into an actively transcribed region of the host chromosome. Transfection is nor- 
mally achieved by chemical or electrical disruption of the host-cell membrane 
(6). Because of the low efficiency of this random integration, a selection 
process is required that uses cytotoxic drugs or limiting essential growth com- 
ponents. The most commonly used selection method at the research scale is the 
NEO R /G418 system. For commercial MAb production, the predominant 
expression/selection systems have been the dihydrofolate reductase (DHFR) 
system (7) and the glutamine synthetase (GS) system (8). 

In the DHFR system, mammalian expression vectors are designed to express 
the DHFR gene and antibody gene of interest. The plasmid is transfected into 
host DHFR-negative cells and transformants are selected for growth in the 
presence of the cytotoxic drug, methotrexate, an inhibitor of DHFR (9). 
Growth in the presence of increasing concentrations of methotrexate results in 
significant DHFR gene amplification and, as a result of the co-integration of the 
gene of interest, high-level MAb expression (10). 

The GS system bases the selection process on the biosynthesis pathway of 
the amino acid glutamine, from the substrates glutamate and ammonia. Some 
mammalian host-cell lines such as myeloma NSO cells are deficient in GS, and 
other myeloma Sp2/0 or non-lymphoid Chinese hamster ovary (CHO) cells 
have low endogenous levels of GS. The GS expression vector, pEE12, has been 
designed to contain a GS minigene along with the antibody gene of interest, 
allowing selection by growth in glutamine-free cell-culture media (8). For 
those cell lines with low levels of endogenous GS, the GS inhibitor, methionine 
sulfoximine, allows selection, and at increasing concentrations, gene amplifica- 
tion can be achieved. An advantage of the GS system using NSO cells is that 
cytotoxic drugs are not required for selection, allowing selective pressure to be 
maintained throughout production. In addition, in high-capacity bioreactors, 
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the utilization of ammonia reduces the toxic levels that accumulate in the cul- 
ture. The design of the pEE12/pEE6 expression vectors enables the dual 
expression of the immunoglobulin light and heavy chain. The GS system, 
which includes vectors and cell lines, is available through a license with Lonza 
Biologies, Slough, UK. 

The selection of mammalian host cell will determine the recombinant 
MAb's glycosylation pattern, and a choice must be made as to culture them as 
adherent or suspension cells. The choice of the appropriate cell line has been 
the focus of several comprehensive reviews comparing Sp2/0, NSO (11) or 
CHO cells (5,12). 

In a detailed side-by-side comparison, the CHO and NSO cells showed iden- 
tical protein secretion rates for a humanized MAb, ranging from 26-31 ilg/10 6 
cells/24 h (13). Because of the rapid advances of the biotechnology sector, 
MAb secretion levels have exceeded 2 g/L (14). Recently, this area of industrial 
large-scale MAb production has been well-reviewed (15,16). 

Additional factors that may need to be considered include promoter strength, 
genetic stability, productivity without selective pressure, and scale-up to 
desired levels of production. However, the most important factor that dictates 
expression levels and gene stability is the site of integration into the host 
genome. Since transfection from these systems is a random process, the suc- 
cess of isolating a stable high-producing clone is dependent on screening a 
large number of transformants. 

1.3. Anti-CEA Recombinant Antibodies 

In this chapter, we describe the production of a series of recombinant MAbs 
and antibody fragments against carcinoembryonic antigen (CEA) (17,18) that 
are in clinical development (see Chapter 12). This cognate family of anti-CEA 
recombinant molecules has the same variable regions, providing an approach to 
modify the targeting and pharmacokinetics properties of antibodies in the 
delivery of a radioisotope payload to the tumor site for the imaging and therapy 
of cancer (19,20). 

The basis for this recombinant work was the highly specific anti-CEA T84.66 
murine MAb (21,22). Recombinant antibody fragments utilizing the single-chain 
Fv format (scFv) provide antigen recognition in a single polypeptide which, 
encoded by a single gene, greatly facilitates expression in a heterologous system. 
Using the scFv as a building block, larger engineered molecules have been gener- 
ated that include diabodies (scFv non-covalent dimer) (23), minibodies (scFv- 
CH3 covalent dimer) (24), and scFvFc (25). The diabody and the minibody 
molecules were initially expressed in bacteria, but the minibody displayed prote- 
olysis and a 10-fold lower expression compared to mammalian expression (24). 
In addition to these recombinant antibody fragments, several versions of full- 
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Table 1 

Anti-CEA Activity Levels of T84.66 Recombinant Antibodies 

Recombinant antibody construct Anti-CEA activity 

T84.66 diabody 25 ng/mL 

T84.66 minibody 50 Ug/mL 

T84.66 scFvFc 80 Ug/mL 

T84.66 chimeric MAb 7 Ug/mL 

T84.66 humanized MAb 25 Ug/mL 



length humanized MAbs were expressed. Protocols have been developed to estab- 
lish a uniform platform technology for a wide range of molecules, including the 
diabody, with the intent of production for pilot clinical trials. Table 1 provides a 
list of anti-CEA recombinant antibody molecules from our laboratory and their 
level of anti-CEA activity produced using the GS expression/selection system. 

To provide specific examples, protocols are described for the production of 
the T84.66 minibody. Expansion of high-producing transfectomas into small to 
medium-scale hollow-fiber bioreactors can provide sufficient material for pilot 
clinical trials, in which relatively small quantities of protein are required (26). 
Also included in this chapter is a general purification method that utilizes mild 
chromatography and elution conditions and brief protocols for biochemical 
characterization. These protocols have been used for a variety of diabodies and 
minibodies, and are assembled as an example of a successful path for produc- 
tion of recombinant MAbs. However, individual MAbs for different applica- 
tions may perform better in alternate expression systems, host cells, or 
production approaches, and all of these should be considered. 

2. Materials 

2. 1. Transient Expression 

1. COS-l cells (American Tissue Type Collection; Cat. #CRL-1650). 

2. DME media, glutamine-free (JRH Biosciences; Cat. #51435). 

3. Fetal bovine serum (FBS), heat-inactivated (Omega Scientific; Cat. #FB-02). 

4. L-glutamine (Irvine Scientific; Cat. #9317). 

5. Phosphate-buffered saline (PBS) (Irvine Scientific; Cat. #9240). 

6. Trypsin ethylenediaminetetraacetic acid (EDTA) (Irvine Scientific; Cat. #9341). 

7. Trypan blue (Sigma; Cat. #T8 154). 

8. LipoTAXI mammalian transfection kit (Stratagene; Cat. #2041 10). 

9. pEE12 control plasmid, GS Expression system™ (Lonza Biologies). 

10. Experimental plasmid, pEE12 minibody plasmid (26). 

11. Protein A Sepharose 4 Fast Flow (Amersham Biosciences; Cat. #17-0974-01). 

12. rProtein L™-agarose (Affitech; Cat. #201-2). 
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13. 4X sodium dodecyl sulfate (SDS) gel loading buffer: 0.2 M Tris-HCl, pH 6.8, 8% 
sodium dodecyl sulfate, 0.4% bromophenol blue, 40% glycerol [add 0.4 M difhio- 
threitol (DTT) if running reduced samples]. 

14. Hemocytometer (VWR-Scientific Products; Cat. #15170-172). 

15. 0.2-u.m PES syringe filters, 25 mm (Whatman; Cat. #6A96-2502). 

16. Disposable sterile pipets and cultureware (Falcon). 

17. 5% CO2 humidified incubator. 

18. Light microscope. 

2.2. Stable Expression 

1. Murine myeloma NS0 cells (Lonza Biologies). 

2. FBS, heat-inactivated. 

3. NS0 non-selective media: DME media supplemented with 2 mM L-glutamine, 
10% heat-inactivated fetal bovine serum (FBS) and IX GS supplement (final 
concentration). 

4. PBS. 

5. Trypan blue. 

6. pEE12 control plasmid. 

7. pEE 1 2 minibody plasmid. 

8. Sail restriction enzyme and reaction buffer (New England Biolabs; Cat. #R0138S). 

9. Micropure-EZ™ enzyme remover (Millipore; Cat. #42529). 

10. Disposable sterile pipets and cultureware. 

11. Hemocytometer. 

12. Gene Pulser II™ electroporation unit and 5-mm gap electroporation cuvet, Cat. 
#165-2088 (Bio-Rad) or; 

13. Multiporator™ electroporation unit, 2-mm gap electroporation cuvet, Cat. 
#E4307000593 and hypo-osmolar electroporation buffer, Cat. #4308070.501 
(Eppendorf). 

14. 10% CO2 humidified incubator. If not available, 5% CO2 can be substituted. 

2.3. Cell Culture 

1. Trypan blue. 

2. FBS, dialyzed and heat-inactivated (HyClone; Cat. # SH30079.03). 

3. NS0 selective media: glutamine-free DME media supplemented with 10% dia- 
lyzed, heat-inactivated FBS and IX GS supplement (final concentration). 

4. Hemocytometer. 

5. Flat-bottomed 6-, 24-, and 96-well sterile plates (Costar). 

6. Disposable sterile pipets and cultureware. 

7. Bottom viewing mirror (Dynatech). 

8. Dimethyl sulfoxide Hy^i-max® (DMSO) (Sigma; Cat. #D2650). 

2.4. Enzyme-linked immunosorbent assay (ELISA) 

1. Coating buffer: 0.2 M sodium bicarbonate buffer, pH 9.6, 0.02% sodium azide 

(Sigma). 
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2. PBST: PBS + 0.05% Tween 20 (Bio-Rad). 

3. Blocking solution: 5% bovine serum albumin (BSA) (Sigma; Cat. #A9647) in 
PBST. 

4. Goat anti-human IgG Fc alkaline phosphatase antibody (Jackson ImmunoRe- 
search; Cat. #109-055-098). 

5. Diethanolamine buffer: 10% (v/v) diethanolamine, pH 9.8 (J.T. Baker; Cat. #9227- 
01), 0.02% sodium azide (Sigma). 

6. Alkaline phosphatase substrate: one Sigma 104® phosphatase substrate tablet 
(Sigma; Cat. #104-40T) in 40 mL of diethanolamine buffer. 

7. 96-well ELISA plates. 

8. Bio-Rad 450 plate reader (Bio-Rad). 

2.5. Hollow-Fiber Bioreactor Production 

1. Cell Pharm® 100 bioreactor (Biovest International). 

2. Hollow-fiber Flowpath 10-kDa MW exclusion (Biovest International; Cat. 
#22010663). 

3. Autoharvester and Flowpath (Biovest International; Cat. #12340637). 

4. NS0 selective media (see Subheading 2.3.)- 

2.6. Purification of Anti-CEA Minibody 

All solutions are made with nanopurified water or water for injection. 

1. AG1-X8 strong anion resin (Bio-Rad; Cat. #140-1441). 

2. PBS. 

3. Macro-Prep ceramic hydroxyapatite (HA) resin, Type I (Bio-Rad). 

4. HA column equilibration buffer: 0.05 M 2-[N-morpholino]ethanesulfonic acid 
sodium salt (MES), pH 6.5 (Sigma; Cat. #M2933). 

5. HA column elution buffer: 0.04 M K 2 HP0 4 -3H 2 (Mallinkrodt Baker; Cat. #7088), 
0.05 M MES, pH 6.5. 

6. Source 15Q resin (Amersham Biosciences; Cat. #17-0947-20). 

7. 15Q column equilibration buffer: 0.05 M N- [2 hydroxyethyl] piperazine-N'- [2- 
ethanesulfonic acid] (HEPES), pH 7.4 (Fluka; Cat. #54457). 

8. 15Q column elution buffer: 0.2 M NaCl (Fluka), 0.05 M HEPES, pH 7.4. 

9. 0.2-u.m PES vacuum filter unit, 1 L (Corning; Cat. #431098). 

10. AP2, Cat. #WAT027501 and API, Cat. #WAT021901 column bodies (Waters). 

11. Centriprep 30 concentrator (Millipore; Cat. #4306). 

12. 0.2-iim syringe filter (Whatman; Cat. #6780-0402). 

2.7. Biochemical Characterization 

1. Ready-Gels, 10% polyacrylamide (Bio-Rad Laboratories; Cat. #161-1155). 

2. Electrophoresis buffer: 10X Tris/glycine/SDS buffer (Bio-Rad; Cat. #161-0732). 

3. Kaleidoscope prestained standards (Bio-Rad; Cat. #161-0324). 

4. Bio-Safe Coomassie stain (Bio-Rad; Cat. #161-0786). 

5. Mini Trans-Blot™ cell (Bio-Rad; Cat. #170-3930). 
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6. Transfer buffer: 10X Tris/glycine buffer (Bio-Rad; Cat. #161-0734). 

7. Nitrocellulose membrane (Bio-Rad; Cat. #162-0115). 

8. Alkaline phosphatase buffer: 0. 1 M Tris-base, 0. 1 M NaCl, 0.005 M MgCl 2 , pH 9.6. 

9. Development buffer: 33 |XL of 5-bromo-4-chloro-3-indoyl phosphate (BCIP) and 
66 |lL of nitro blue tetrazolium (NBT) (Promega; Cat. #S3771) in 10 mL of alka- 
line phosphatase buffer. 

10. Superdex 75 HR 10/30 column (Amersham Biosciences; Cat. #17-1047-01). 

11. PBS. 

12. Gel-filtration chromatography standards (Bio-Rad; Cat. #151-1901). 

13. Bio-Rad protein assay kit I (Bio-Rad; Cat. #500-0001). 

14. rProtein L™-agarose (Affitech; Cat. #201-2). 

15. Protein L equilibration buffer: 0.05 M sodium citrate, pH 7.4. 

16. Protein L wash buffer: 0.02 M sodium citrate, 0.02 M sodium phosphate, pH 7.4, 
0.5MNaCl. 

17. 0.1 M sodium citrate, not pH-adjusted (Fluka; Cat. #71404). 

18. 0.1 M citric acid, not pH-adjusted (Fluka; Cat. #27487). 

19. EZ-Link™ Sulfo-NHS-LC-biotinylation kit (Pierce Chemical; Cat. #21430ZZ). 

20. BIAcore 1000, biosensor SA chips, reagents and BIAevaluation 3.0 software (BIA- 
core). 

3. Methods 

3.1. Transient Expression in COS-1 Cells 

1. Maintain COS-1 host cells by growth to near confluence in a T-75 flask containing 
DME media, 10% heat-inactivated FBS, and 2 mM L-glutamine (final concentra- 
tion). Harvest cells by removing media, wash with PBS, add minimal amount of 
trypsin/EDTA to cover monolayer, watch under microscope until cells start to 
round up, tap side, and add 10 mL of complete media. Resuspend cells, and deter- 
mine cell count by trypan blue exclusion using a hemocytometer, and replate at 
desired density. 

2. Twenty-four hours prior to transfection, prepare 100-mm tissue-culture dishes, two 
plates per experimental DNA (see Note 1) or vector DNA. Into each plate, inocu- 
late 8 x 10 5 cells in log phase growth with 5 mL of media. 

3. Place in humidified 37°C and 5% CO2 incubator overnight. Cells should be 
60-80% confluent at the time of transfection. 

4. On the day of transfection, transfer 900 |i,L of sterile serum-free antibiotic-free 
DME media to sterile 6-well culture plate, one well per transfection reaction. 

5. Add 50 |i,L of LipoTaxi transfection reagent per well. Tap side to mix. 

6. Add 7 |ig of control plasmid or 10 )_lg of experimental plasmid DNA to respective 
wells. 

7. Mix gently and incubate at room temperature for 15-30 min. 

8. Remove culture media from 100-mm dishes by aspiration. 

9. Add 1.5 mL of serum-free DME media to each transfection reaction. Transfer the 
entire mixture (2.5 mL) dropwise onto the cell monolayer while swirling. 
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10. Incubate for 4-6 h, then add 2.5 mL of DME media/20% heat-inactivated FBS; 
incubate overnight. 

11. On the next day, replace media in plates with 5 mL of fresh media. 

12. Incubate for 72 h, recover supernatant, pass through a 0.22-|om syringe filter, and 
store at 4°C. 

13. Determine molecular size of antibody product in culture supernatant by Western 
blot analysis (see Subheading 3.7.). 

14. Low expression of some constructs may require affinity resin precipitation. Take 1 
mL of culture supernatant and 2-5 |0L of appropriate resin; incubate overnight at 
4°C in a microfuge tube. For antibodies or recombinant fragments that contain a Fc 
portion, use Protein A Sepharose, which binds to the IgG Fc domain. For scFv 
recombinant fragments use rProtein L™-agarose, which binds human or murine 
kappa light chains (see Note 2). After incubation, spin down resin in a microfuge, 
discard supernatant, wash with PBS, and resuspend in SDS gel-loading buffer. Pro- 
ceed with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
(Subheading 3.7.); prior to loading sample, spin down resin and apply supernatant 
in gel well. 

3.2. Stable Expression in NSO Cells (see Note 1) 

1. Grow host NSO cells in non-selective media and expand in a T-150 flask. Harvest 
cells in log phase by centrifugation, wash in PBS, and count viable cells by trypan 
blue exclusion using a hemocytometer. 

2. Linearize 100 \lg each of pEE12 minibody plasmid and a pEE12 control, using the 
restriction enzyme Sail. Spin-filter using a Micropure-EZ™ Enzyme Remover to 
remove BSA and restriction enzyme from sample. Ethanol-precipitate, resuspend the 
DNA in sterile water, and quantify the amount of cut DNA by gel electrophoresis. 

3. Electroporate a 5-mm gap cuvet containing 800 |0L of PBS, 40 |lg of DNA, and 10 7 
NSO cells using two pulses at 1,500 V, 3 |0P from a Gene Pulser II™. Alternatively, 
electroporate a 2-mm gap cuvet containing 400 |0L of hypo-osmolar electropora- 
tion buffer, 10 |lg of DNA, and 2 x 10 6 cells using one pulse at 200 V, 100 [is from 
a Multiporator™ (see Note 3). 

4. Place on ice for 5 min, then carefully pipet cells into a T-75 flask containing 10 mL 
of prewarmed nonselective media, and place into a humidified 37°C, 10% CO2 
incubator. 

3.3. Cell Culture 

1. After 72 h, determine the number of viable cells by trypan blue exclusion using a 
hemocytometer. 

2. Dilute the transfected cells from each cuvet to a density of 5 x 10 4 cell/mL with 
selective media (glutamine-free). Pipet 1 3 — 1 4 cells per well of a 96-well plate, 
adding selective media to a total volume of 200 |lL. A typical experiment would 
consist of five plates of 5 x 10 3 cells/well, ten plates of 10 3 cells/well and five plates 
of 10 4 cells/well (see Note 4). 

3. Return plates to the incubator and leave undisturbed for 3 wk. 
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4. Using a bottom viewing mirror, mark wells containing single colonies. 

5. When lightly confluent, determine antibody expression by removal of 100 \lL of 
supernatant for an ELISA (Subheading 3.4.) and re-feed the clones. Score as either 
positive or negative. 

6. When confluent, expand 96 of the positive wells into 24-well plates. One day prior 
to transfer, add 100 |0,L of fresh selective media, and the next day transfer to 24-well 
plates (2 mL). Re-feed the 96-well plates as a backup. 

7. When the 24-well plates are confluent, assay by ELISA (Subheading 3.4.) for anti- 
body quantitation. 

8. Transfer the 24 highest-producing clones to 6- well plates (in 3 mL of selective 
media), and repeat quantitation assay. Expand the 6-12 best stable producers into 
T-25 flasks (10 mL), and repeat quantitation assay. 

9. At the first available opportunity, freeze a limited number of cell-culture stocks in 
20% heat-inactivated, dialyzed FBS/10% DMSO at -80°C. 

10. Select three clones, subclone by limiting dilution, and adapt to 2% heat-inactivated, 
dialyzed FBS — or, if possible, serum-free conditions, and freeze stocks in liquid 
nitrogen. 

3.4. ELISA 

1. Coat 96-well plates with antigen at 100 |lL/well — e.g., 2 |ig/mL N-A3 recombinant 
CEA fragment in coating buffer, overnight at 4°C. 

2. Wash plates 3x for 5 min with PBST, tap dry, and block with 150 |0L/well of block- 
ing solution at room temperature for 1 h. 

3. Serially dilute culture supernatant (e.g., 1:50, 1:100, 1:200, 1:400, 1:800 1:1,600) 
and an antibody standard (e.g., antibody fragment 2 |ig/mL). Add 100 |JL of each 
dilution to a well, incubate at 37°C for 1 h, and wash 3x with PBST. 

4. Add 100 |lL/well of secondary antibody conjugated to alkaline phosphatase and 
incubate at 37°C for 1 h. The human Ch3 domain is detected by using the goat anti- 
human IgG Fc-AP antibody at a 1:20,000 dilution. Wash plates 3x in PBST, tap dry. 

5. Develop color by adding 100 |iL/well of alkaline phosphatase substrate, wait 15-30 
min and read absorbance at 405 nm using a Biorad 450-plate reader. Determine 
antibody concentration based on serial dilutions of the antibody standard. 

3.5. Hollow-Fiber Bioreactor Production 

1. Set up a Cell Pharm® 100 bioreactor equipped with a single 1.5-sq. ft. hollow-fiber 
Flowpath (10 kDa MW exclusion) according to manufacturer's instructions. Use 
selective media supplemented with 2% FBS on the intracapillary space (ICS) and 
the extracapillary space (ECS). Monitor pH, glucose, lactate, and ammonia levels 
every other day. Make adjustments to the incoming O2 and CO2 levels to maintain 
the pH at 7.0-7.2. The ICS feed rate should be approx 2 L/wk and the recirculation 
rate should be 130 mL/min. 

2. Inoculate 10 8 cells into the ECS. 

3. Connect an Autoharvester to the ECS and initially collect two harvests of 5 mL per 
day, and gradually increase to 12 harvests of 20 mL total per day (see Note 5). 
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3.6. Purification of Anti-CEA Minibody (see Note 6) 

3.6. 1. Processing of Bioreactor Harvest 

1. Add to the bioreactor harvest a 50% slurry of AG1-X8/PBS to a final concentration 
of 5% (v/v). Under physiological conditions, most antibodies are electronegative, 
whereas the cell-culture contaminants (e.g., cell debris, DNA, and phenol red) are 
electropositive and will bind to the strong anion AG 1-X8 resin (see Notes 7 and 8). 

2. Slowly rotate overnight at 4°C. Pour mixture into a 0.2-|im PES vacuum filter unit, 
allow the resin to settle, and apply vacuum. 

3. Store material at 4°C until purification. 

3.6.2. Ceramic Hydroxyapatite (HA) Chromatography 

1. Dialyze the supernatant against ten column volumes of HA column equilibration 
buffer, three changes, 24 h at 4°C. 

2. Prepare HA column, pour HA resin into AP2 column body (2 cm id x 10 cm h), 
equilibrate with HA column equilibration buffer, flow rate 5 mL/min. 

3. Apply the supernatant (2 mL/min), and wash until the absorbance at 280 nm returns 
to baseline. 

4. Elute with a linear gradient from 100% (v/v) HA equilibration buffer to 100% (v/v) 
HA elution buffer over 20 column volumes; collect 10-mL fractions. 

5. Analyze fractions by Coomassie-stained SDS-PAGE under non-reducing condi- 
tions (see Subheading 3.7.)- Pool minibody-enriched fractions and dilute with four 
volumes of 15Q column equilibration buffer. 

3.6.3. Anion Exchange Chromatography 

1. Prepare a Source 15Q column in API column body (1 cm id x 10 cm h) and equili- 
brate with 15Q column equilibration buffer, flow rate 2.5 mL/min. 

2. Apply the peak containing minibody from the HA column to the 15Q column and 
wash until the absorbance at 280 nm returns to baseline. 

3. Elute with a linear gradient from 100% (v/v) 15Q column equilibration buffer to 
100% (v/v) 15Q elution buffer over 20 column volumes. 

4. Analyze fractions by SDS-PAGE (see Subheading 3.7.), pool purified minibody 
fractions and dialyze against PBS overnight at 4°C. 

5. Concentrate the purified minibody to 8-20 mg/mL using a Centriprep-30 concentrator. 

6. Under aseptic conditions, filter the sample using a 0.2-|om syringe filter. 

3.7. Biochemical Characterization 

3.7.1. SDS-PAGE 

1. Electrophorese aliquot of samples and mol wt standards under non-reducing condi- 
tions on SDS-PAGE "Ready Gels" with electrophoresis buffer under established 
conditions (27). 

2. Detect proteins with Biosafe™ Coomassie stain according to manufacturer's 
instructions. 
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3.7.2. Western Blot Analysis 

1 . Fill a mini Trans-Blot™ cell with transfer buffer, and electrotransfer proteins from a 
duplicate gel to a nitrocellulose membrane according to established techniques (28). 

2. Use anti-human Fc AP antibody in 1:10,000 dilution as the reporting antibody. 

3. Develop blot in dark with development buffer. 

3.7.3. Size-Exclusion Chromatography 

1. Pre-equilibrate a size exclusion Superdex 75 column using PBS as the mobile 
phase (0.5 mL/min), and standardize with gel-filtration chromatography standards. 

2. Determine molecular size of minibody and analyze for the presence of aggregation. 

3.7.4. Protein Concentration Determination 

1. Determine the protein concentration by the Bio-Rad protein assay kit I using the 
supplied bovine gamma globulin as a standard. 

3.7.5. Protein L Antibody Quantitation (see Note 2) 

1. Prepare rProtein L™-agarose column in API column body (1 cm id x 2.5 cm h) 
and equilibrate with Protein L equilibration buffer at 1 mL/min. 

2. Inject 100 |lL of sample, wash with ten column volumes of Protein L wash buffer. 

3. Elute with linear gradient from 100% 0.1 M sodium citrate to 100% 0.1 M citric 
acid (15 column volumes). Monitor absorbance at 280 nm and calculate the area of 
the minibody peak. Generate a standard curve using a previously purified lot of 
minibody. 

3.7.6. Affinity Analysis by BIAcore (see Chapter 23) 

1. Biotinylate antigen using the EZ-Link™ Sulfo-NHS-LC-Biotin kit (Pierce). 

2. Immobilize to SA biosensor chip that results in a R max of 250 response units. 

3. Perform kinetic analysis on concentrations of minibody (6.25-500 nm), regenerat- 
ing the antigen surface between runs. 

4. Calculate affinity using the bivalent model of BIAevaluation 3.0 software. 

4. Notes 

1. The T84.66 minibody gene was inserted into the pEE12 expression vector (26), 
which allowed transient expression in COS-1 cells and stable expression in NS0 
cells These two transfections can be done sequentially, but normally because the 
DNA is available from the same plasmid preparation, the operations are started in 
parallel. 

2. Recombinant Protein L is specific for human and murine kappa light chain. It does 
not bind bovine immunoglobulins that are present in FBS. 

3. Electroporation is the most common method for introduction of foreign genes into 
myeloma cells, and the majority of our work involving the expression of anti-CEA 
minibodies used the BioRad Gene Pulser II™. Subsequently, the Eppendorf Multi- 
porator™ was tested as an alternative, using buffers and conditions recommended 
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by the manufacturer. Although both instruments provided acceptable results, we 
have continued our work with the Multiporator™. The Multiporator™ requires 10- 
fold fewer cells, less DNA, and the hypo-osmotic buffer in the protocol allowed use 
of gentler electroporation conditions. 

4. The process of selecting a stable, high-producing clone is very time-consuming; 
thus, it is important to initially screen a large number of clones (250-500). How- 
ever, at each round of selection only the 10-20% top producers are expanded. 
Although production levels differed according to the antibody construct, the mini- 
body production levels obtained in T-flasks were 20-50 |ig/mL. 

5. Our own production in the small Cell Pharm® 100 hollow-fiber bioreactor usually 
resulted in a three- to fivefold higher level of activity compared to T-flasks. Pilot 
runs produced between 100 and 300 mg of minibody in the harvested supernatant 
over a period of 2-4 mo. Scale-up production in a larger hollow-fiber bioreactor 
(Cell Pharm® 2000) resulted in gram quantities of crude minibody, ample for purifi- 
cation for pilot clinical trials. 

6. Chromatography conditions have been optimized for the anti-CEA minibody [iso- 
electric point (pi), approx 4.8](26), and conditions may need to be modified 
depending on the pi and chromatographic properties of the protein of interest. 

7. The clarification steps (AG1-X8) greatly enhanced the protein purification process. 
Reduction of cellular debris, DNA, and removal of the pH indicator dye — phenol 
red — have contributed to higher resolution and improved reproducibility of the 
chromatography steps. 

8. An excellent general source of information on antibody purification can be found in 
the book Purification Tools for Monoclonal Antibodies (29), and detailed protocols 
can also be found in Chapter 22. 
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Human Antibody Production Using Insect-Cell 
Expression Systems 

Mary C. Guttieri and Mifang Liang 



1. Introduction 

Insect-cell expression systems provide a reliable and effective means for 
generating biologically active human antibodies. Two methods are available 
for this purpose. Most notably, the baculovirus expression system is a well- 
established tool for rapidly producing functional immunoglobulins (Ig) and 
can generate antibody yields that rival or even surpass those achieved by other 
eukaryotic expression systems (1-5). Alternatively, a recently described trans- 
fection method allows the continuous expression of antibodies from stably 
transformed insect cells (6). Both methods offer an advantage over bacterial 
and yeast expression systems, as proteins generated in insect cells are correctly 
folded and processed (7). Although all of the authentic protein modifications 
(e.g., glycosylation) provided by mammalian expression systems are not evi- 
dent for insect cell-expressed antibodies, these differences do not affect impor- 
tant Ig activities, including complement lysis activity and antibody-dependent 
cell-mediated cytotoxicity (8). When compared to mammalian-based systems, 
the methods required for generating and maintaining baculovirus recombinants 
and stable insect-cell transformants are simple and cost-effective, requiring 
incubation and storage without the support of carbon dioxide and liquid nitro- 
gen, respectively. Furthermore, insect-cell expression systems provide a safer 
platform for producing therapeutic proteins because of the limited host range 
of baculoviruses and the absence of harmful factors (e.g., retroviral elements) 
potentially associated with mammalian cells. 

1. 1. Insect Cells for Expression of Foreign Proteins 

Lepidopteran cell lines are the primary hosts for insect cell-mediated 
expression of foreign proteins, with the most commonly used cell lines derived 
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from the fall armyworm, Spodoptera frugiperda (S/), or from the cabbage 
looper, Trichoplusia ni (TN). Both S/and TN cell lines are adapted for growth 
in serum-free medium, reducing the costs incurred by cell culture reagents. 
Furthermore, these cell lines are susceptible to infection by the prototype bac- 
ulovirus Autographa californica nuclear polyhedrosis virus (AcNPV). Cell line 
S/9, a subclone of ovarian cell line IPBL-S/-21-AE (9-10), and TN cell line 
BTI-TN-5B1-4, established from TN egg-cell homogenates (11), are com- 
monly used for baculovirus expression of antibodies (1,12), whereas the latter 
is the only cell line to date that has been used to generate antibody-secreting 
insect-cell transformants (6). 

1.2. Human Antibody Production by Baculovirus Expression 

AcNPV is the primary baculovirus strain used for foreign gene expression. 
The virions are comprised of enveloped, rod-shaped nucleocapsids that possess 
circular, double-stranded DNA genomes of approx 131 kilobase pairs (kbp) 
(13). The viral life cycle is characterized by a temporal cascade of events that 
results in the generation of two virion phenotypes, budded virus and occluded 
virus (3,14). After entry into permissive cells by either fusion or endocytosis, 
virions are uncoated in the nucleus and viral DNA is replicated. This early 
phase of infection is composed of two successive events designated as immedi- 
ate early and delayed early gene expression. Baculovirus immediate early 
genes are transcribed by the host RNA polymerase, resulting in the production 
of proteins required for delayed early gene expression. After or concomitant 
with viral DNA replication, the late phase of the viral life cycle is initiated. At 
this stage, baculovirus structural proteins, encoded by viral late genes, encapsi- 
date viral DNA, subsequently producing progeny virus. Nucleocapsids are 
detected as early as 8 h postinfection (h p.i.), and by 10-12 h p.L, enveloped 
progeny virus are released from infected cells by budding through the plasma 
membrane. Budded viral particles can infect additional cells and are the vehi- 
cles by which virus is transmitted within cell cultures. At a very late stage of 
infection (>18 h p.i.), enveloped nucleocapsids are occluded in the nucleus 
with crystalline matrices comprised of a 29-kDa protein designated polyhedrin. 
Hyper-expressed late genes that are transcribed at dramatically high levels dur- 
ing this stage encode polyhedrin and another viral protein, plO. These late 
genes are not essential for baculovirus production in cell culture, as occluded 
virus functions in the spread of virus between insects rather than cell-to-cell 
transmission. 

The hyper-expression of baculovirus late genes, reflected by the powerful 
polyhedrin and plO promoters, and the fact that polyhedrin is not essential for 
productive infection in vitro make baculoviruses desirable vectors for foreign 
gene expression. Since the viral genome is too large for insertion of heterolo- 
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gous genes by in vitro ligation methods, homologous recombination in vivo is 
required. The foreign gene must first be cloned into a transfer vector so that it is 
under the control of an appropriate baculovirus promoter (e.g., polyhedrin) and 
is flanked by sequences homologous to the viral genome. The modified vector 
is then co-transfected with viral DNA into insect cells after which recombinant 
viruses that contain the foreign gene are generated and selected. Most commer- 
cial transfer vectors contain multiple cloning regions flanked by AcNPV DNA 
sequences that are homologous to the polyhedrin locus. Recombination 
between these vectors and viral DNA results in the production of non-occluded 
virus, thereby providing a basis for selection. Several strategies have been 
developed to improve the efficiency of recombination and subsequent selection 
of recombinant viruses. One strategy employs linearized AcNPV DNA that has 
been modified to contain a lethal deletion within a gene, open reading frame 
(ORF) 1629, encoding a capsid protein (15). Recombination with a transfer 
vector that contains the DNA deleted from the viral genome will restore ORF 
1629 and thereby allow for the production of viable virus. In this way, the back- 
ground of wild-type virus is dramatically decreased. 

To generate baculovirus recombinants capable of expressing human antibod- 
ies, a dual-expression transfer vector, such as pAcUW51 (PharMingen), is 
required. Heavy- and light-chain antibody genes, including appropriate eukary- 
otic signal sequences, are respectively cloned, downstream of AcNPV late pro- 
moters (e.g., polyhedrin or plO) that are present in opposite orientation within 
the polyhedrin locus (Fig. 1). In this manner, the modified vector can be used to 
engineer a baculovirus recombinant that efficiently expresses both antibody 
genes. Upon infection of insect cells with such a viral recombinant, functional 
Ig is generated and secreted from the cells into the culture medium, where it 
accumulates in copious amounts and can be collected and then purified for fur- 
ther analysis. Because the baculovirus recombinant buds from infected cells, 
cell-culture supernatant can be collected, stored, and used as a source of virus 
for another round of infection and antibody production. 

Antibody genes for insect-cell expression can be obtained from various 
sources such as hybridoma cell lines. Researchers often rely on phage display 
methods to generate large combinatorial libraries of antigen-specific single- 
chain Fv (scFv) or Fab antibody fragments (see Note 1) (16). Although this 
technology is a powerful tool, the fragments generated in this manner lack cer- 
tain functions associated with the Fc domain of the antibody that are potentially 
necessary for therapeutic purposes. Therefore, methods for converting human 
scFv and Fab fragments into full-length antibodies are required. In this regard, 
a set of baculovirus expression cassette vectors was engineered to generate full- 
length antibody genes using phage display-selected human antibody fragments 
and to subsequently produce baculovirus recombinants that are capable of 
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Fig. 1. Transfer vector for generation of baculovirus recombinants expressing 
human immunoglobulin. Heavy- and light-chain antibody genes are cloned into trans- 
fer vector pAcUW5 1 , under control of the baculovirus late promoters polyhedrin and 
plO, which are situated in opposite orientation. The origin of replication (ori) and 
ampicillin resistance gene (Amp®) are indicated. 



expressing complete human IgG (Fig. 2) (12). Transfer vector pAcUW51 was 
used as a backbone plasmid for constructing this cassette vector system, 
thereby providing baculovirus polyhedrin and plO promoters in opposite orien- 
tation, an ampicillin resistance gene, an SV40 terminator, and the fl origin of 
phage DNA replication. Cassette vectors pAc-K-CH3 or pAC-L-CH3 are 
respectively used to clone genes that code for scFv that possess kappa (k) or 
lambda (X) light-chain variable regions (Fig. 2A). To clone genes encoding Fab 
fragments with k or X complete light chains, vectors pAc-K-Fc or pAC-L-Fc 
are used, respectively (Fig. 2B). The light-chain insertion region in each of 
these vectors contains a k or X eukaryotic signal sequence proceeded by spe- 
cific cloning sites. Vectors pAc-K-CH3 and pAC-L-CH3 also contain, respec- 
tively, the coding sequences for the complete K and X constant regions. The 
heavy-chain insertion region in each vector includes an authentic IgG signal 
sequence from IgGl subgroup VHIII followed by specific cloning sites and the 
coding region for human IgGl constant domains CHI, CH2, and CH3 (in vec- 
tors pAc-K-CH3 and pAC-L-CH3) or for human IgGl constant domains CH2 
and CH3 (in vectors pAc-K-Fc and pAC-L-Fc). Variable heavy-chain scFv 
genes or heavy-chain (Fd region) Fab genes are inserted downstream of the 
polyhedrin promoter using either Xhol and Nhel (in vectors pAc-K-CH3 or 
pAC-L-CH3) or Xhol and Spel restriction sites (in vectors pAc-K-Fc or pAC- 
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Fig. 2. Baculovirus transfer vector cassettes used for construction and subsequent 
expression of full-length human IgG genes by inserting coding sequences for phage 
display-selected antibody fragments (12). (A) Vectors used to clone coding regions for 
light- and heavy-chain variable domains of scFv. (B) Vectors used to clone coding 
regions for light chains and heavy-chain Fd domains of Fabs. Abbreviations: C(x), con- 
stant human immunoglobulin regions; H, k, or X leader region coding for the respective 
human antibody signal peptide. 
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L-Fc), respectively, whereas k or X variable light-chain scFv genes or light- 
chain Fab genes are cloned, respectively, into Sad and Hindlll (in vectors pAc- 
K-CH3 or pAC-L-CH3) or Sacl and £coRV sites (in vectors pAc-K-Fc or 
pAC-L-Fc) under control of the plO promoter. This system was designed so 
that Fab genes derived from the pComb3 phagemid vector system (17) can be 
cloned into vector pAc-K-Fc or pAC-L-Fc without PCR amplification, whereas 
other genes may need to be amplified by using specific primers as outlined in 
Subheading 3.2.2. Recombinant baculoviruses that are generated by using this 
cassette system express full-length human light and heavy chains, which are 
correctly processed and assembled into functional antibodies that are subse- 
quently secreted from infected cells. 

1.3. Human Antibody Production in Stably Transformed 
Insect Cells 

Although high yields of foreign protein can be generated by baculovirus 
expression, there are limitations associated with a system mediated by viral 
infection. Because baculovirus infection ultimately results in death of the host 
cell, recombinant protein expression is transient. In addition, the conventional 
viral late promoters driving expression are active at a stage of the infection 
cycle when normal cell function is impaired, and studies suggest that the 
infected host's secretory pathway can become compromised, further limiting 
productive expression (18). The potential obstacles associated with processing 
proteins in a damaged host can be averted by using the baculovirus immediate 
early gene promoter, IE1, for expression. Promoter IE1 is recognized by insect- 
cell RNA polymerase II at a very early stage of the infection cycle, which 
therefore favors the correct and efficient processing of proteins encoded by 
genes that are regulated by this promoter (14). This factor prompted the devel- 
opment of baculovirus expression vector systems that rely on the IE1 promoter 
(19). As an added benefit to using an IEl-based system, protein recovery can be 
accomplished sooner than permitted by conventional baculovirus expression 
systems. 

Despite the advantages afforded by early expression of foreign genes, tradi- 
tional baculovirus systems are preferred because of the high yields of 
expressed proteins afforded by the powerful viral late promoters. However, a 
continuous and consistent supply of expressed protein is often desirable, and in 
this instance, an IEl-mediated expression system is beneficial. Based upon the 
premise that the host insect-cell RNA polymerase recognizes the IE1 promoter, 
a transfer vector expression system was engineered for inserting foreign genes 
into the insect cell genome under control of the IE1 promoter, thereby provid- 
ing constitutive expression of recombinant proteins in stably transformed 
insect cells (19-20). The commercially available pIEl-3, 4 transfer vector 
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Fig. 3. Transfer vectors for integration of human light- and heavy-chain antibody 
genes into insect-cell genomes. Heavy- and light-chain genes are separately cloned 
downstream of the baculovirus early gene promoter IE1 in transfer vector pIEl-3 or 
pIEl-4. Insect cells are cotransfected with these constructs and selection plasmid pIEl- 
neo to generate stably transformed insect-cell lines that express human immunoglobu- 
lin. The origin of replication (ori), ampicillin resistance gene (Amp 8 ), gene conferring 
resistance to the antibiotic G418 sulfate (neo), baculovirus enhancer element hr5, and 
polyadenylation sequences (poly A) are indicated. 



series (Novagen) is used for this purpose. In addition to an ampicillin resistance 
gene and the baculovirus enhancer element hr5, the pIEl-3 and pIEl-4 vectors 
each contain the baculovirus immediate early IE1 promoter followed by a mul- 
tiple cloning region and polyadenylation sequences. The orientation of the mul- 
tiple cloning sites is the only difference between the two vectors. The gene of 
interest, including the ATG start codon, is cloned downstream of the IE1 pro- 
moter in either pIEl-3 or pIEl-4, after which insect cells are cotransfected with 
the modified vector and selection plasmid pIEl-neo (Novagen), which confers 
resistance to the antibiotic G418. Stably transformed insect cells that constitu- 
tively express the foreign gene are propagated initially under selective pressure 
with G418, and clonal cell lines are established by selecting and amplifying 
individual colonies. As recently demonstrated, this expression system can be 
used to generate stably transformed insect-cell lines that constitutively express 
biologically active human antibodies (6). Full-length, heavy- and light-chain 
antibody genes are cloned separately into either pIEl-3 or pIEl-4, and insect 
cells are cotransfected with these constructs as well as pIEl-neo (Fig. 3). After 
propagation under selective pressure, an immunological assay, described in 
Subheading 3.3.4.3., is then used to screen and select transformed insect cells 
that express Ig. Although the yield of Ig generated in this manner is lower 
(approx 0.06 |^g of IgG/mL) (6) than the yield obtained by recombinant bac- 
ulovirus infection (approx 9 [Xg of IgG/mL) (1), the convenience afforded by a 
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continuous and consistent supply of Ig makes the IE 1 -mediated stable transfor- 
mation expression system a valuable tool for antibody production. Recently, a 
cassette vector system using this technology was engineered for transformed 
insect-cell expression of full-length antibodies using genes that code for anti- 
body fragments (21). 

2. Materials 

2. 1. Insect-Cell Lines and Cell-Culture Maintenance 

1. Insect cells: S/9 cells (Invitrogen; Cat. #114965-015) and TN High Five™ (H5) 
cells (BTI-TN-5B1-4) (Invitrogen; Cat. B855-02). 

2. Insect-cell culture media: S/9 and TN H5 cells are respectively maintained under 
serum-free growth conditions using Sf-900 II SFM (Invitrogen; Cat. #10902-096) 
and Excell-405 medium (JRH Biosciences; Cat. #14405-1000M), both supple- 
mented with 50 Ug/mL of gentamicin sulfate (Sigma); IX antibiotic-antimycotic 
solution (Invitrogen; Cat. #15240-096) yielding 100 U/mL of penicillin, 100 lig/mL 
of streptomycin, and 0.25 |ig/mL of amphotericin B; and 1 mM L-glutamine (Invit- 
rogen) (complete medium), unless specified otherwise. TC-100 (Invitrogen; Cat. 
#11600-061), TNM-FH (PharMingen; cat. #21227M), and IPL-41 (Invitrogen; Cat. 
#11405-081) insect-cell culture media, which are not modulated for serum-free 
growth, can also be used by adding 5% (v/v) heat-inactivated fetal bovine serum 
(FBS) (Invitrogen) and the previously mentioned supplements (FBS-complete 
medium). To propagate cells from a frozen seed, FBS-complete TC-100 or TNM- 
FH medium is routinely used. All media are stored at 4°C, protected from light. 

3. Cell-culture flasks: 25 cm 2 (T25) flasks; 75 cm 2 (T75) flasks; and 250 mL Erlen- 
meyer flasks (Corning Costar). 

4. Additional cell-culture supplies and reagents: cell storage buffer [10% (v/v) dimethyl 
sulfoxide (DMS), 90% (v/v) FBS]; cryogenic vials (Corning Costar); and, to deter- 
mine cell concentration, a hemocytometer and Trypan Blue stain (Invitrogen). 

5. Cell-culture incubator (27°C) and, for suspension cultures, a shaker incubator such 
as the Innova 4330 digital incubator shaker (New Brunswick Scientific). 

6. Biological safety cabinet such as the BioGARD hood (The Baker Company) or 
suitable sterile workbench. 

2.2. Preparation of Recombinant Baculoviruses 

1. Insect-cell lines and cell-culture media: S/9 and TN H5 insect cells (Invitrogen); 
complete Sf-900 II SFM and Excell-405 media as well as FBS-complete TC-100 
medium, unless specified otherwise (see Subheading 2.1.). 

2. Bacteria: Escherichia coli (E. coli) DH5a competent cells (Invitrogen). 

3. Baculovirus transfer vectors: pAcUW51 (PharMingen; Cat. #21205P); pAc-K- 
CH3, pAc-K-Fc, pAC-L-CH3, and pAC-L-Fc (12). 

4. PCR reagents: ELONGASE amplification system, including ELONGASE enzyme 
mix, buffers; and 10 mM deoxynucleotide 5' triphosphate (dNTP) mix (Invitrogen; 
Cat. #10481-018). 
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5. Restriction endonucleases and reaction buffers: BamHl, Bglll, EcoRV, Hindlll, 
Nhel, Sad, Spel, and Xhol (Invitrogen or New England Biolabs). 

6. Cloning vector pEG5F (Promega). 

7. Cloning reagents: T4 DNA ligase (New England Biolabs) and 10X ligase buffer 
[IX buffer contains 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 10 mM dithiothreitol 
(DTT), 1 mM ATP, 25 (ig/mL of bovine serum albumin (BSA)]; Luria-Bertani (LB) 
medium (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, 1 mL of 1 /VNaOH per 
L); LB medium containing 100 |ig/mL ampicillin (Invitrogen); LB agar plates (LB 
medium supplemented with 15 g of agar per L) containing 100 |lg/mL ampicillin; 
and S.O.C. medium (Invitrogen; Cat. #15544-034). 

8. Plasmid DNA isolation and gel extraction reagents: QIAprep spin miniprep kit 
(Qiagen; Cat. #27104); Plasmid midi kit (Qiagen; Cat. #12143); and QIAquick gel 
extraction kit (Qiagen; Cat. #28704). 

9. Baculovirus transfection reagents: BaculoGold™ baculovirus DNA (PharMingen; 
Cat. #21100D) and transfection buffer A & B set (PharMingen; Cat. #21483A). 

10. Baculovirus plaque assay reagents: AgarPlaque Plus™ agarose (PharMingen; Cat. 
#21403A); BaculoGold™ protein-free insect medium (PharMingen; Cat. 
#21228M); and Neutral Red solution (Invitrogen; cat. #15330-079). 

11. Immunofluorescence assay (IFA) reagents and supplies: 10- or 12-well microscope 
slides (Corning Costar); phosphate-buffered saline (PBS), pH 7.3 (10X stock solu- 
tion contains 80 g of NaCl, 2 g of KC1, 1 1.5 g of Na 2 HP0 4 7H 2 0, 2 g of KH 2 P0 4 
per L); acetone (Sigma); Coplin jar or suitable container for fixing slides; fluores- 
cein isothiocyanate isomer I (FITC)-conjugated, anti-human Fc- or Fab-specific 
antibody (Sigma); and a fluorescence microscope. 

12. Enzyme-linked immunosorbent assay (ELISA) reagents and supplies: 0.1 M 
NaHC0 3 , pH 8.6 (coating buffer); PBS and PBS with 3% (w/v) skim milk; uncon- 
jugated anti-human Fc- or Fab-specific antibody (Sigma); horseradish peroxidase 
(HRP)-conjugated, anti-human antibody (Sigma); TMB (3,3',5,5'-Tetramethyiben- 
zidine) peroxidase substrate (Kirkegaard and Perry; Cat. #50-76-05) and TMB stop 
solution (Kirkegaard and Perry; Cat. #50-85-05); flat-bottomed 96-well 
polyvinylchloride ELISA plates (Nunc); and ELISA equipment, including an auto- 
mated ELISA microplate reader. 

13. Antibody affinity purification: 0.45 |im low-protein binding filters (Corning 
Costar); protein G-sepharose affinity column (Amersham Biosciences); start 
buffer: 20 mM sodium phosphate, pH 7.0; elution buffer: 0.1 M glycine-HCl, pH 
2.7; 1 M Tris-HCl, pH 9.0; and a suitable pump or syringe. 

14. SDS-polyacrylamide gel electrophoresis (PAGE): NuPAGE Novex 10% Bis-Tris 
gel (Invitrogen; cat. #NP0301); NuPAGE LDS 4X sample buffer (Invitrogen; cat. 
#NP0007); NuPAGE antioxidant (Invitrogen; Cat. #NP0005); NuPAGE 10X sam- 
ple-reducing agent (Invitrogen; cat. #NP0004); NuPAGE MOPS SDS 20x running 
buffer for Bis-Tris gels (Invitrogen; Cat. #NP0001); Coomassie brilliant blue R 
staining buffer [per 200 mL: 0.5 g of Coomassie brilliant R, 45% (v/v) methanol, 
10% (v/v) glacial acetic acid, in H 2 0]; destain buffer [per 200 mL: 45% (v/v) 
methanol, 10% (v/v) glacial acetic acid, in H 2 0]; BenchMark™ prestained protein 
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ladder (Invtirogen; Cat. #10748-010); BSA protein standard (Pierce; Cat. #23209); 
and appropriate gel apparatus. 
15. Cell-culture supplies: T25 and T75 flasks, 500-mL Erlenmeyer flasks, 60-mm cell- 
culture dish, and 6-well and 24-well cell-culture plates (Corning Costar). 

2.3. Preparation of Stably Transformed Insect Cells 

1. Insect-cell line and cell-culture media: TN H5 insect cells; complete Excell-405 and 
FBS-complete TNM-FH media, unless specified otherwise (see Subheading 2.1.). 

2. Bacteria: E. coli DH5oc competent cells. 

3. Insect-cell expression plasmids: pIEl-3 (Novagen; Cat. #69090-3) or pIEl-4 
(Novagen; cat. #69091-3) and pIEl-neo (Novagen; Cat. #70171-3). 

4. PCR reagents: see Subheading 2.2., item 4. 

5. Restriction endonucleases and reaction buffers: BamHI, Bglll, Bsa&l, Dsal, Notl, 
Nrul, Pmel, and/or SacII (Invitrogen or New England Biolabs). 

6. Cloning reagents: see Subheading 2.2., item 7. 

7. Plasmid DNA isolation and gel extraction reagents: see Subheading 2.2., item 8. 

8. Insect-cell transfection reagents: Lipofectin reagent (Invitrogen; Cat. #18292-011) 
and G418 sulfate (Geneticin selective antibiotic) (Invitrogen; Cat. #10131-035). 

9. ELISA reagents and supplies: goat anti-human Fab-specific antibody and goat 
HRP-conjugated, anti-human Fc-specific antibody (Sigma); PBS, pH 7.4; PBS 
with 0.05% Tween-20 (PBS-T); PBS-T with 3% skim milk (PBS-TS); TMB perox- 
idase substrate and TMB stop solution; flat-bottomed 96-well IEA/RIA ELISA 
plates (Corning Costar; Cat. #3590); and ELISA equipment, including an auto- 
mated ELISA microplate reader. 

10. Antibody affinity purification: 0.45-um low-protein binding filters (Corning 
Costar), Centricon-10 filters (Amicon), monoclonal antibody (MAb) Trap Gil anti- 
body affinity purification kit (Amersham Biosciences; Cat. #17-1128-01), and a 
suitable pump or syringe. 

11. SDS-polyacrylamide gel electrophoresis reagents: see Subheading 2.2., item 14. 

12. Cell-culture supplies: 6-, 12-, 24-, and 96-well cell-culture plates as well as T25, 
T75, and 150 cm 2 (T150) cell-culture flasks. 

3. Methods 

3. 1. Insect-Cell Culture 

The cell-culture methods outlined in Subheadings 3.1.1 to 3.1.4. apply to 
S/9 and TN H5 insect cells (see Note 2). 

3.1.1. Culturing Insect Cells from a Frozen Stock 

1. Rapidly thaw a vial of frozen insect cells by placing the vial in a 37°C water bath, 
with gentle agitation (see Note 3). 

2. When cells are almost thawed, remove the vial from the water bath and transfer 1 mL 
of the cell suspension into a 15-mL centrifugation tube that contains 7 mL of FBS- 
complete TC-100 or TNM-FH medium prewarmed to room temperature (see Note 4). 
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3. Centrifuge the cell suspension at 230g at room temperature for 5-8 min (see Note 
5). 

4. After carefully discarding the supernatant, gently resuspend the cells in 5 mL of 
room temperature FBS-complete TC-100 or TNM-FH medium, and transfer the 
cell suspension to a T25 flask. 

5. Incubate the flask at 27°C overnight, allowing the cells to adhere to the flask. 

6. Carefully remove the medium from the flask and replace with 5 mL of fresh FBS- 
complete TC-100 or TNM-FH medium prewarmed to room temperature. 

7. Continue to incubate the flask at 27°C until a confluent monolayer of cells has 
formed (see Note 6). Proceed with cell-culture maintenance as outlined in Sub- 
heading 3.1.2. 

3. 1.2. Cell-Culture Maintenance 

S/9 and TN H5 insect cells can be maintained either as monolayers in flasks 
or as suspension cultures in Erlenmeyer flasks. The latter format is used when 
large numbers of cells are required for amplifying baculovirus stocks or for 
generating high levels of foreign proteins. Serum-containing or serum-free 
medium can be used to maintain cells as either adherent or suspension cultures. 
Serum-free medium is preferred when analyzing and purifying antibodies 
secreted from baculovirus-infected or stably transformed insect cells. Con- 
versely, the presence of serum is beneficial for adherent and suspension cul- 
tures because it aids, respectively, in the attachment of cells to the flask and 
reduces the stress on cells from hydrodynamic forces. The following method 
describes the maintenance of insect cells grown as monolayers in T25 (or T75) 
flasks with FBS-complete TC-100 or TNM-FH medium since, as described in 
Subheading 3.1.1., this is the format used to initiate cultures from frozen cells. 
Insect-cell monolayers should be passaged when they become confluent (see 
Notes 6 and 7). 

1. Warm FBS-complete TC-100 or TNM-FH medium to room temperature. 

2. Transfer 4 mL (or 12 mL) of the prewarmed medium into each of three T25 (or 
T75) flasks. 

3. Carefully remove and discard the medium from the T25 (or T75) flask containing 
the insect-cell monolayer so that 3 mL (or 9 mL) of medium remain. 

4. Dislodge the cells from the surface of the flask by drawing up the remaining 
medium into a 10-mL pipet then gently dispensing the medium across the mono- 
layer, using a side-to-side sweeping motion. Repeat this process, working from the 
bottom to the top of the flask, until the cells have detached. 

5. Transfer 1 mL (or 3 mL) of the cell suspension into each of the T25 (or T75) flasks 
containing the prewarmed medium. 

6. Distribute the cells evenly across the surface by gently rocking each of the flasks. 

7. Incubate the flasks at 27°C until confluent monolayers are obtained, after which the 
cells are again passaged as described in steps 1-6. 
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3. 1.3. Adaptation of Insect-Cell Cultures to Serum-free Medium 

The above method describes the propagation of insect cells in serum-con- 
taining medium. However, it is often desirable to culture cells in serum-free 
medium. If the cell culture was initiated in the presence of serum, it is neces- 
sary to gradually adapt the cells to growth in serum-free conditions. 

1. Allow insect cells to reach 50% confluency in a T25 flask (see Note 7). 

2. Warm serum-free medium to room temperature, using complete Sf-900 II SFM or 
Excell-405 medium for S/9 or TN H5 insect cells, respectively. 

3. Carefully remove approx 1 mL (25%) of serum-containing medium from the flask, 
and replace with the same volume of prewarmed serum-free medium. 

4. Incubate the flask at 27°C until the cells reach confluency. 

5. Dislodge the cells from the flask as in Subheading 3.1.2., step 4, using the entire 
volume of medium in the flask. 

6. Transfer approx 2.5 mL (50%) of the cell suspension to a T25 flask that contains 
2.5 mL complete medium comprised of 50% serum-containing medium and 50% 
serum-free medium prewarmed to room temperature. 

7. Allow the cells to reach confluency at 27°C, then passage as in steps 5 and 6, 
except using complete medium comprised of 25% serum-containing medium and 
75% serum-free medium. 

8. Repeat step 7 except using 100% complete serum-free medium, and proceed with 
cell-culture maintenance using this medium as outlined in Subheading 3.1.2. 

3.1.4. Preparation and Storage of Frozen Insect Cells 

1. Transfer insect cells from flasks into 15-mL (or 50-mL) centrifuge tubes when they 
are 98% viable and in the logarithmic phase of growth. 

2. Pellet the cells by centrifugation at 230g for 10 min at 4°C. 

3. Carefully remove all of the supernatant and gently resuspend the cells in cell stor- 
age buffer to a final density of 1 x 10 7 cells/mL. 

4. Aliquot the cell suspension into cryogenic vials and incubate the vials at -70°C 
overnight. 

5. Rapidly transfer the vials to liquid nitrogen for long-term storage. 

3.2. Expression of Human Antibodies by Recombinant 
Baculoviruses 

3.2. 1. Selection of Baculovirus Transfer Vector 

To generate recombinant baculoviruses that express full-length human anti- 
bodies, a transfer vector is required. Selection of this vector is determined by 
the source of antibody genes. As described in Subheading 1.2., genes that code 
for full-length heavy and light chains are cloned into a dual-expression vector, 
such as pAcUW51 (Fig. 1). Alternatively, an appropriate baculovirus cassette 
vector (12) is required for expression of full-length human IgG using antibody 
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genes that are derived from an scFv or Fab prokaryotic expression system (see 
Note 1). Cassette vector pAc-K-CH3 or pAC-L-CH3 is used to clone genes 
that code for scFv with k or X light chains, respectively (Fig. 2A). Conversely, 
genes that encode Fab fragments with K or X light chains are cloned into cas- 
sette vector pAc-K-Fc or pAC-L-Fc, respectively (Fig. 2B). Once the transfer 
vector is selected, the cloning strategy can be determined. In this regard, it is 
often necessary to amplify antibody genes by polymerase chain reaction (PCR) 
to generate necessary cloning sites, and for this purpose, specific oligonu- 
cleotide primers are required as described in Subheading 3.2.2. 

3.2.2. Primer Design 

Primers for PCR amplification of human antibody genes must be designed 
according to the sequences of the heavy- and light-chain genes and the transfer 
vector to be used (e.g., vector pAcUW51 or cassette vector pAc-K-Fc). Several 
issues must be considered in this regard, including the origin of the genes (e.g., 
genes derived from scFv expression systems), the presence of internal restric- 
tion sites, and the availability of start and stop codons. For expression, heavy- 
and light-chain antibody genes must possess eukaryotic signal sequences. 
Human antibody genes derived from eukaryotic expression systems have the 
appropriate leader sequences; however, antibody genes that are obtained from 
prokaryotic systems (e.g., phage display-derived scFv or Fab genes) must be 
cloned into transfer vectors that provide eukaryotic signal sequences (e.g., 
pAc-K-CH3 or pAc-K-Fc). Most importantly, antibody genes must be cloned 
in frame within the appropriate insertion region of the selected transfer vector 
(see Note 8). The baculovirus expression cassette vector system described in 
Subheading 1.2. allows for human Fab genes derived from the pComb3 
phagemid vector system (17) to be rapidly cloned into expression vector pAc- 
K-Fc or pAC-L-Fc (Fig. 2B) without using PCR. To clone human antibody 
genes derived from other expression systems into one of the cassette plasmids 
(e.g., pAc-K-CH3) or into other transfer vectors (e.g., pAcUW51), it is often 
necessary to amplify the genes by PCR, and for this purpose, two primer sets 
are required. Each set consists of 5' (forward) and 3' (reverse) primers for 
amplifying the gene that codes for the heavy or light chain of the specific anti- 
body or antibody fragment. When designing primer sets, the primer sequences 
must include the appropriate restriction sites required for cloning into the 
selected transfer vector, and amplification must allow for inclusion of start and 
stop codons if the transfer vector does not provide them. With regard to cloning 
genes that code for human antibody fragments, Table 1 summarizes primers 
used for PCR amplification of coding sequences for the variable regions of 
heavy and light chains, heavy-chain (Fd) regions, or complete light chains. 
Genes encoding heavy-chain variable regions are amplified by using one of the 
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Table 1 

Primers for Cloning Human Antibody Genes into Baculovirus IgG 

Expression Vectors 

Human IgG variable-chain 5' primers 

VH3a 5'-GAG GTG CAG CTC GAG GAG TCT GGG-3'* 

VHlf 5'-CAG GTG CAG CTG CTC GAG TCT GGG-3'* 

VH3f 5'-GAG GTG CAG CTG CTC GAG TCT GGG-3'* 

VH4f 5'-CAG GTG CAG CTG CTC GAG TCG GG-3'* 

VH6a 5'-CAG GTA CAG CTG CTC GAG TCA GG-3' 

Human Kappa variable-chain 5' primers* 

VKla 5'-GAC ATC GAG CTC ACC CAG TCT CCA-3' 

VK3a 5'-GAA ATT GAG CTC ACG CAG TCT CCA-3' 

VK2a 5'-GAT ATT GAG CTC ACT CAG TCT CCA-3' 

Human Lambda variable-chain 5' primers 

VL 1 5'- AAT TTT GAG GAG CTC CAG CCC C AC-3' 

VL2 5'-TCT GCC GAG CTC CAG CCT GCC TCC GTG-3'* 

VL3 5'-TCT GTG GAG CTC CAG CCG CCC TCA GTG-3'* 

VL4 5'-TCT GAA GAG CTC CAG GAC CCT GTT GTG TCT GTG-3'* 

VL5 5'-CAG TCT GTG GAG CTC CAG CCG CCC-3' 

VL6 5'-5'-CAG ACT GAG GAG CTC CAG GAG CCC-3'* 

Human IgG (Fd) heavy-chain 3' primers (Spel)* 

CGlz 5'-GCA TGT ACT AGT TTT GTC ACA AGA TTT GGG-3' 

Human IgG variable-chain 3' primer 

Nhel-HR 5'- TGG GCC CTT GGT GCT AGC TGA GGA GAC GGT GACC-3' 

Human Lambda variable-chain 3' primer 

Hindlll-LR 5'- GAC GGT AAG CTT GGT CCC TCC-3' 

Human Kappa variable-chain 3' primer 

Hindlll-KR 1 5'-CAG TTC GTT TGA TTT C AA GCT TGG TCCC-3' 

HindIII-KR2 5'-CAG TTC GTC TGA TCT CAA GCT TGG TCCC-3' 

Human Lambda-chain 3' primer 

EcoRV-CL 5'-CCG GAT ATC TAG AAC TAT GAA CAT TCT GTA GG-3' 

Human Kappa-chain 3' primer 

EcoRV-CK 5'- CCG GAT ATC TAG AAC TAA CAC TCT CCC CTG TTGA-3' 

* Primers identical to the pComb3 system primers (22). 



human IgG variable-chain 5' primers and the human IgG variable-chain 3' 
primer, whereas one of the 5' primers and the human IgG (Fd) heavy-chain 3' 
primer are used for amplifying genes that code for heavy-chain (Fd) regions. 
Similarly, genes that encode variable regions of k or X light chains are ampli- 
fied with one of the human k or X variable-chain 5' primers and one of the 
human K or X variable-chain 3' primers. When amplifying genes that code for 
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full-length K or X light chains of Fabs, one of the human k or X variable-chain 
5' primers and the human k or X chain 3' primer are used (see Note 9). Once the 
cloning strategy is determined and primers, if required, are engineered, heavy- 
and light-chain antibody genes are inserted into the baculovirus transfer vector 
as outlined in Subheading 3.2.3. 

3.2.3. PCR Amplification and Cloning into the Baculovirus 
Transfer Vector 

The following protocol describes the method used to clone genes for human 
antibodies into transfer vector pAcUW51 or genes for human antibody frag- 
ments into cassette vectors pAc-K-CH3, pAC-L-CH3, pAc-K-Fc, or pAC-L-Fc 
(12). The protocol for PCR amplification, if necessary, is outlined in steps 1 

and 2. 

1. For each PCR mixture, add 0.1 Ug of DNA (e.g., plasmid containing light-chain 
Fab gene), 60 pmol of each 5' (forward) and 3' (reverse) primer, 10 uL of Buffer A, 
10 uL of Buffer B, 1 uL of ELONGASE enzyme mix, and H 2 to a final volume of 
100 UL. 

2. Amplify full-length light- and heavy-chain genes by 35 repeated PCR cycles at 
94°C for 1 min, 54°C for 1 min, and 72°C for 3 min. For amplifying light- and 
heavy-chain scFv or Fab genes, carry out 25 repeated PCR cycles at 94°C for 50 s, 
54°C for 50 s, and 72°C for 1 min (see Note 10). Each is followed by a final incu- 
bation at 72°C for 10 min and is then cooled to 4°C. 

3. If working with a pComb3-derived human Fab, double-digest pComb3 phagemid 
DNA containing the human Fab gene with SacI and Xbal, to excise the light-chain 
gene, and with Xhol and Spel, to excise the heavy-chain (Fd) gene. 

4. Subject PCR products or digested phagemid DNA to agarose gel electrophoresis, 
and purify the appropriate DNA bands by using a QIAquick gel extraction kit. 

5. Subclone the double-digested, purified phagemid DNA coding for the Fab light 
chain (SacI and Xbal restriction fragment) into transfer vector pEG5F and then 
excise the gene from pEG5F by double digestion with SacI and EcoRW. Purify the 
restriction fragment by gel electrophoresis as in step 4 (see Note 11). 

6. Digest the purified PCR product of DNA coding for the light chain of the full- 
length human antibody and transfer vector pAcUW51 with Bglll or the purified 
PCR product of DNA coding for the light chain of the human Fab (not derived from 
phagemid pComb3) and vector pAc-K-Fc or pAC-L-Fc with SacI and EcoRV or 
the purified PCR product of DNA coding for the light-chain variable region of the 
human scFv and vector pAc-K-CH3 or pAC-L-CH3 with SacI and Hindlll (see 
Note 12). 

7. Ligate Bgfll-digested light chain DNA to digested vector pAcUW51 or SacI and 
EcoRV double-digested light-chain Fab DNA (obtained by PCR amplification or 
by excision from vector pEG5F, see steps 3-5) to digested vector pAc-K-Fc or 
pAC-L-Fc or SacI and Hindlll double-digested, light-chain scFv DNA to vector 
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pAc-K-CH3 or pAC-L-CH3 by establishing a DNA molar ratio of 4:1 (insert: vec- 
tor), using 1 U of T4 DNA ligase and incubating at 16°C overnight. 

8. Transform E. coli DH5a competent cells with the ligated plasmid DNA by heat 
shock at 42°C for 45 s. 

9. Plate the transformation mixture on LB agar plates containing 100 |lg/mL ampi- 
cillin, and incubate the plate at 37°C overnight. 

10. Pick transformants into LB medium containing 100 |lg/mL ampicillin, incubate at 
37°C overnight, extract DNA from the cultures by using a QIAprep spin miniprep 
kit, and conduct restriction endonuclease analysis to identify clones that contain the 
correct light-chain DNA insert. 

11. Digest the purified PCR product of DNA coding for the heavy chain of the full- 
length human antibody and vector pAcUW5 1 containing the light-chain insert with 
BamHI or the purified PCR product of DNA coding for the heavy-chain (Fd) region 
of the human Fab (not derived from phagemid pComb3) and vector pAc-K-Fc or 
pAC-L-Fc containing the light-chain insert with Xhol and Spel or the purified PCR 
product of DNA coding for the heavy-chain variable region of the human scFv and 
vector pAc-K-CH3 or pAC-L-CH3 containing the light-chain insert with Xhol and 
Nhel. 

12. Ligate fiamHI-digested heavy-chain DNA to digested vector pAcUW51 containing 
the light-chain insert or Xhol and Spel double-digested, heavy-chain (Fd) DNA 
derived from Fab genes (obtained by PCR amplification or by excision from vector 
pComb3, see steps 3 and 4) to digested vector pAc-K-Fc or pAC-L-Fc containing 
the light-chain insert or Xhol and Nhel double-digested, heavy-chain DNA derived 
from scFv genes to vector pAc-K-CH3 or pAC-L-CH3 containing the light-chain 
insert as described in step 7. 

13. Transform bacteria with the ligated plasmid DNA, analyze clones for the presence 
of the heavy-chain DNA insert as outlined in steps 8-10, and proceed with prepa- 
ration of the recombinant baculovirus as described in Subheading 3.2.4. 

3.2.4. Generation of Recombinant Baculoviruses 

1. Prepare highly purified transfer vector DNA containing both the light- and heavy- 
chain DNA inserts by using a Plasmid midi kit and resuspend the purified DNA in 
ultra-pure H2O at a final concentration of 0.5 |lg/|lL {see Notes 13 and 14). 

2. Seed a 60-mm cell-culture plate with 5 mL of FBS-complete TC-100 medium con- 
taining a total of 2 x 10 6 S/9 cells, and incubate at 27°C for 20-30 min to allow the 
cells to adhere to the plate (see Notes 15 and 16). 

3. Combine 0.5 |ig of BaculoGold™ baculovirus DNA and 2-5 |lg of transfer vector 
DNA containing the light- and heavy-chain DNA inserts in a microfuge tube, mix, 
and incubate the mixture at room temperature for 5 min, then add 1 mL of transfec- 
tion buffer B. 

4. While the DNA mixture is incubating, carefully wash the S/9 cells attached to the 
cell culture plate twice, each time with 2 mL of TC-100 medium without serum and 
antibiotics. After the second wash, add 1 mL of transfection buffer A so that the 
buffer completely covers all of the cells on the plate. 
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5. Transfer the entire DNA mixture in transfection buffer B to the plate by slowly 
adding the mixture in a dropwise manner, periodically rocking the plate gently to 
ensure even distribution and sufficient mixing (see Notes 17 and 18). 

6. Incubate the plate at 27°C for 4 h. 

7. Warm complete Sf-900 II SFM medium to room temperature. 

8. Wash the plate once with 4 mL of room temperature complete Sf-900 II SFM 
medium and then incubate the cells for 4-5 d at 27°C in 3.5 mL of this medium. 
Check the cells periodically for signs of infection (see Note 19). 

9. Remove the medium from the plate, and store at 4°C in a polypropylene tube (see 
Note 20). This stock is designated passage zero (P0). 

10. Analyze the transfected cells and cell-culture medium for recombinant baculovirus 
expression of human antibodies by immunofluorescence staining and ELISA, 
respectively, as outlined in Subheadings 3.2.5. and 3.2.6. 

3.2.5. Detection of Recombinant Baculovirus-Expressed Human 
Antibodies in Transfected Sf9 Insect Cells 

by Immunofluorescence (see Note 21) 

1. Carefully wash transfected S/9 cells on the plate from Subheading 3.2.4., step 9, 

twice with PBS (see Note 22). 

2. Gently dislodge the cells from the surface of the plate by pipetting with 3.0-3.5 mL 
of PBS. 

3. Transfer the cell suspension dropwise to the wells of multiple well slides, and air- 
dry the slides at room temperature. 

4. Place the dried slides in a Coplin jar or suitable container; add acetone, covering 
the entire surface of the slides; incubate at room temperature for 10 min; remove 
the slides from the container and air-dry. 

5. Add 25-30 |0L of FITC-conjugated anti-human Fab- or Fc-specific antibody 
(diluted according to the manufacturer's specifications) to each of the wells on the 
dried slides containing fixed cells, and incubate the slides at 37°C for 30 min. 

6. Wash the slides 3 x with PBS, and observe the transfected cells by immunofluores- 
cence microscopy. 

3.2.6. Detection of Recombinant Baculovirus-Expressed Human 
Antibodies in Cell-Culture Medium from Transfected Sf9 Insect Cells 
by ELISA (see Note 23) 

1. Dilute anti-human Fc or Fab-specific antibody to a concentration of 5-10 |lg/mL in 
coating buffer (0.1 MNaHC0 3 , pH 8.6), and add 100 [iL of the diluted antibody to 
each well of a flat-bottomed 96-well polyvinylchloride ELISA plate. 

2. Incubate the plate at 37°C for 1 h. 

3. Wash the wells 3x with PBS, and to each well, add 100 |iL of transfected Sf9 cell- 
culture medium from Subheading 3.2.4., step 9, diluted 1:1 with PBS containing 
3% skim milk (see Note 24). 

4. Incubate the plate at 37°C for 1 h. 
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5. Wash the wells 3x with PBS, and to each well, add 100 uL of HRP-conjugated 
anti-human antibody diluted according to the manufacturer's specifications. 

6. Incubate the plate at 37°C for 1 h. 

7. Wash the wells 5x with PBS, add TMB substrate solution, incubate at room tem- 
perature for 15 min, add TMB stop solution, and measure the O.D. at 450 nm. 

3.2.7. Plaque Purification, Titration, and Amplification 
of Recombinant Baculoviruses 

After confirming antibody expression in transfected S/9 insect cells as outlined 
in Subheadings 3.2.5. and 3.2.6, recombinant baculoviruses must be plaque-puri- 
fied to maintain stability and to generate high-titer viral stocks that can then be 
used to infect large numbers of cells for producing high yields of antibody. The 
plaque assay can also be used to determine the recombinant viral titer. 

3.2.7.1 . Titration and Purification of Recombinant Baculoviruses 
by Plaque Assay 

1. Seed each well of a 6-well cell-culture plate with 3 mL of complete Sf-900 II SFM 
or FBS-complete TC-100 medium containing a total of 2 x 10 6 S/9 insect cells, and 
incubate at 27°C for 1 h to allow the cells to attach (see Note 25). 

2. Serially dilute (from 10" 2 to 10" 7 ) the P0 recombinant viral stock from Subheading 
3.2.4., step 9, with complete Sf-900 II SFM medium. 

3. Carefully remove the medium from the wells of the plate, and add 200 uL of each 
virus dilution to the respective well. 

4. Gently distribute the virus solution over the cell surface, and incubate the plate at 
27°C for 1 h, with occasional rocking (see Note 26). 

5. While the plate is incubating, prepare a 2% agarose solution using AgarPlaque 
Plus™ agarose and protein-free insect medium, heat this solution in a microwave 
for approx 30 s to 1 min to dissolve the agarose (solution should begin to boil), and 
approx 15 min before using it for the plaque assay, place the solution in a 40°C 
water bath to cool. 

6. After incubating the plate, dilute the agarose solution 1 : 1 with complete Sf-900 II 
SFM medium, prewarmed to room temperature, and pipet 3 mL of the solution into 
each well of the plate by tilting the plate and carefully dispensing the solution down 
the side of the well. 

7. Allow the agarose to solidify on a level surface and then incubate the plate at 27°C 
for approx 5 d (see Note 26). 

8. After incubating the plate, prepare an agarose solution as described in steps 5 and 
6, except include 2% Neutral Red solution. 

9. Add 3 mL of the Neutral Red-containing agarose solution to each well of the plate, 
allow the agarose to solidify, and incubate the plate at 27°C for 12-24 h. 

10. Observe and count plaques under natural or white light, identifying the plaques by 
marking the bottom side of the plaque assay plate. 

11. Determine the viral titer by using the following formula: plaque-forming units 
(pfu)/mL = plaque number x highest dilution x 5. 
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12. Seed each well of a 24-well cell-culture plate with 1 mL of complete Sf-900 II 
SFM medium containing appro x 4 x 10 5 S/9 insect cells, and incubate at 27°C for 
30 min to allow the cells to attach. 

13. Carefully pick a plaque by penetrating the agarose with a Pasteur pipet and drawing 
up with a pipet bulb. 

14. Transfer the agarose plug to one of the S/9 insect cell-containing wells of the cul- 
ture plate. 

15. Repeat steps 13 and 14 for at least five more plaques. 

16. Incubate the plate at 27°C until infection is visibly apparent (see Note 19). 

17. Collect the infected cell-culture supernatant from the well, and store at 4°C (see 
Notes 20 and 27). This plaque-purified viral stock is designated PI and is amplified 
as outlined in Subheading 3.2.7.2. 

3.2.7.2. Virus Amplification 

The following describes the method used to generate high-titer viral stocks 
that can then be utilized to infect large numbers of cells for the purpose of gen- 
erating high yields of antibody. 

1. Seed a T25 flask with 2 x 10 6 S/9 insect cells in 5 mL of complete Sf-900 II SFM 
medium (see Note 28), and incubate the flask at 27°C for 1 h. 

2. Replace the medium in the flask with the same volume of fresh complete Sf-900 II 
SFM medium prewarmed to room temperature, and add 50 uL of the PI viral stock 
obtained from Subheading 3.2.7.1., step 17. 

3. Incubate the flask at 27°C for 5-7 d or until the cells are completely lysed. 

4. Transfer the infected cell-culture medium from the flask into a 15-mL polypropy- 
lene centrifuge tube, and centrifuge the tube at l,000g at 4°C for 10 min. 

5. Collect the supernatant from the tube, and store at 4°C in a polypropylene tube (see 
Note 20). This viral stock is designated P2. 

6. Analyze the infected cells and cell-culture supernatant for recombinant baculovirus 
expression of human antibodies by immunofluorescence staining and ELISA, 
respectively, as outlined in Subheadings 3.2.5. and 3.2.6. 

7. Repeat steps 1-6 using a T75 flask seeded with 5 x 10 6 S/9 cells and infected with 
200-300 uL of the P2 viral stock from step 5. 

8. Repeat steps 1-6 using 2.5 mL of P2 viral stock and a 250-mL suspension S/9 cell 
culture containing 1 x 10 6 cells/mL. For this infection, incubate the flask for 7-10 
d in an incubator shaker at 27°C, with shaking at 80 rpm. Upon collection of the 
infected cell culture medium, increase the centrifugation time to 15 min. 

9. Determine the titer of the recombinant baculovirus stock obtained in step 8 by 
plaque assay as outlined in Subheading 3.2.7.1., steps 1-11, and then proceed with 
high-yield antibody production as described in Subheading 3.2.8. (see Note 29). 

3.2.8. Recombinant Baculovirus Infection Protocol for Efficient Human 
Antibody Expression 

1. Seed a T75 flask with 7.5 mL of complete Excell-405 medium containing 3 x 10 7 
TN H5 insect cells (see Note 2), and incubate the flask at 27°C for 1 h to allow the 
cells to attach. 
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2. To the flask, add recombinant baculovirus from the high-titer stock obtained in 
Subheading 3.2.7.2., step 8, at a multiplicity of infection (MOI) of 10~ 3 (see Note 
30) (usually 2 mL of virus per T75 flask). 

3. Incubate the flask at room temperature for 1 h, with occasional rocking. 

4. Add 7.5 mL of complete Excell-405 medium prewarmed to room temperature, and 
incubate the flask at 27°C until cell viability is at 30^40%, observing the cells for 
cytopathic effects (see Notes 19 and 31). 

5. Transfer the infected cell-culture medium to a 15-mL polypropylene centrifuge 
tube, centrifuge at l,000g at 4°C for 15 min, filter the supernatant through a 0.45- 
Um low-protein binding filter, and store at 4°C in a polypropylene tube until ready 
to process for antibody affinity purification as outlined in Subheading 3.2.9. 

3.2.9. Affinity Purification of Baculovirus-Expressed Human Antibodies 

1. Warm the filtered supernatant collected in Subheading 3.2.8., step 5, to room tem- 
perature. 

2. Prewarm the following at room temperature: a 1-mL pre-packaged protein G- 
sepharose affinity column, start buffer (20 mM sodium phosphate, pH 7.0), elution 
buffer (0.1 M glycine-HCl, pH 2.7), and 1 MTris-HCl, pH 9.0. 

3. Equilibrate the column with at least three column volumes of start buffer. 

4. Using a syringe or pump, apply the supernatant from step 1 to the column and then 
wash the column with five column volumes of start buffer. 

5. Elute antibody from the column with three column volumes of elution buffer, col- 
lecting 1 mL fractions off the column (see Note 32). 

6. Quickly add approx 25-30 uL of 1 M Tris-HCl, pH 9.0, to each fraction to adjust 
the pH to 7-8. 

7. Determine the antibody concentration in each fraction by using the following for- 
mula and spectrophotometry (1): 

Ig concentration mg/mL = (1.55 x A280) - (0.76 x A260) 

Antibody concentration can also be determined by SDS -poly aery lamide gel elec- 
trophoresis (SDS-PAGE) as outlined in Subheading 3.4. (see Note 33). 

3.3. Expression of Human Antibodies in Stably Transformed 
Insect Cells 

3.3.1. Selection of Transfer Vector 

The guidelines for selection of a transfer vector used for producing antibody- 
secreting stably transformed insect cells are similar to the parameters for choosing 
vectors used for generating Ig-expressing baculovirus recombinants, as described 
in Subheading 3.2.1. Unlike the vast array of baculovirus transfer vectors suitable 
for this purpose, only one expression vector system, series pIEl-3-4, has been used 
to date to establish human antibody-secreting insect cell lines. Although a trans- 
formed insect-cell cassette vector system was recently reported on (21), commercial 
vectors are not yet available for expression of full-length human IgG using anti- 
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body genes derived from scFv or Fab prokaryotic systems, and as a result, com- 
plete antibody genes are a prerequisite for this mode of insect-cell expression, as 
described here. With the pIEl-3-4 system, light- and heavy-chain antibody genes 
are cloned into separate plasmids, and for this purpose, vector pIEl-3 and/or vec- 
tor pIEl-4 can be utilized (Fig. 3). These vectors differ only in the orientation of 
restriction enzyme sites within the multiple cloning regions of the plasmids. There- 
fore, vector selection is primarily based upon restriction endonuclease require- 
ments, which are dictated by the presence or absence of internal restriction sites 
within the antibody genes. As a result, the coding sequences of heavy- and light- 
chain genes should be known to select the appropriate transfer vector and, as out- 
lined in Subheading 3.3.2., to subsequently establish a suitable cloning strategy. 

3.3.2. Primer Design and PCR Amplification 

Full-length human heavy- and light-chain antibody genes can be cloned directly 
into respective transfer vectors pIEl-3 and/or pIEl-4 by endonuclease digestion if 
restriction enzyme sites are available and if this cloning strategy provides for inclu- 
sion of start and stop codons as well as eukaryotic signal sequences. Often, this is 
not possible, and as a result, the antibody genes must be amplified by PCR to per- 
mit cloning. Specific oligonucleotide primers are designed for this purpose accord- 
ing to several parameters, including the sequences of the antibody genes, available 
cloning sites in the vector, and requirements for various expression elements (e.g., 
stop codons or eukaryotic signal sequences). As outlined in Subheading 3.2.2., 
two primer sets are required, with each set comprised of 5' (forward) and 3' 
(reverse primer) primers used for amplification of either the full-length heavy- or 
light-chain gene. Appropriate restriction enzyme sites must be incorporated into 
the primer sequences, and amplification must result in the inclusion of important 
genetic elements (e.g., stop codons). Once the primers are engineered, PCR ampli- 
fication of full-length human antibody genes is carried out as described in Sub- 
heading 3.2.3., steps 1 and 2. 

3.3.3. Cloning into Transfer Vectors plE1-3 and plE1-4 

This section describes the method used to clone human heavy- and light- 
chain antibody genes into transfer vector pIEl-3 and/or vector pIEl-4. The 
multiple cloning region of each plasmid is comprised of BamHl, Bglll, BsaBl, 
Dsal, Notl, Nrul, Pmel, and Sacll restriction enzyme sites, and as heavy- and 
light-chain genes are cloned separately with this system, either vector or both 
can be used. As described in Subheadings 3.3.1. and 3.3.2., the sequences of 
the antibody genes ultimately determine the cloning strategy utilized. 

1. If the heavy- and light-chain genes are amplified by PCR as outlined in Subhead- 
ing 3.3.2., subject the PCR products to agarose gel electrophoresis, purify the 
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appropriate DNA bands by using a QIAquick gel extraction kit, and digest the puri- 
fied products with the appropriate restriction enzymes (e.g., BamHI or BgllT) for 
cloning into the selected transfer vector(s). 

2. If PCR amplification is not necessary, obtain DNA restriction enzyme fragments 
that contain the complete heavy- or light-chain gene by using enzymes (e.g., 
BamHI or Bglll) that permit cloning into the selected transfer vector (see Note 34). 

3. Digest transfer vector pIEl-3 and/or pIEl-4 with the appropriate restriction 
enzymes (e.g., BamHI or Bglll) that will allow insertion of the antibody genes 
obtained in step 1 or 2. 

4. Using 1 U of T4 DNA ligase and a DNA molar ratio of 4:1 (insert: vector), ligate 
digested light-chain DNA to digested vector pIEl-3 or pIEl-4 overnight at 16°C. 
Repeat for heavy-chain DNA so that two recombinant plamsids are generated, one 
with the heavy-chain gene and the other with the light-chain gene. 

5. Transform E. coli DH5oc competent cells with each ligated plasmid DNA prepara- 
tion by heat shock at 42°C for 45 s. 

6. Plate the transformation mixtures on LB agar plates containing 100 |lg/mL ampi- 
cillin and incubate the plates at 37°C overnight. 

7. Pick transformants into LB medium containing 100 |lg/mL ampicillin, incubate at 
37°C overnight, extract DNA from the cultures by using a QIAprep spin miniprep 
kit, and conduct restriction enzyme analysis to identify clones that contain the cor- 
rect heavy- or light-chain DNA insert. 

3.3.4. Generation of Stably Transformed Insect-Cell Lines 
3.3.4.1 . Transfection 

1. Prepare highly purified transfer vector DNA containing the light-chain gene and 
vector DNA containing the heavy-chain gene by using a Plasmid midi kit, and 
resuspend each in ultra pure H2O at a final concentration of 1 .0 |lg/|lL (see Notes 
13 and 14). 

2. Seed a well of a 12- well cell-culture plate with 1 x 10 6 TN H5 insect cells in 1 mL 
of Excell-405 serum-free medium without antibiotics, and incubate the plate at 
27°C for 1 h to allow the cells to attach to the well (see Note 35). 

3. In a micro fuge tube, mix 1 (_Lg of selection plasmid pIEl-neo, 3 (_Lg of recombinant 
vector pIEl-3 or pIEl-4 containing the light-chain gene, and 3 |ig of recombinant 
vector pIEl-3 or pIEl-4 containing the heavy-chain gene in a total volume of 7 jaL. 

4. Mix 2 \iL of Lipofectin reagent with 1 |jL of ultra-pure H2O, add the diluted 
reagent to the tube containing the pIEl-neo and recombinant plasmid DNA mix- 
ture, mix gently, and incubate the suspension at room temperature for 15 min. 

5. Carefully add the DNA-Lipofectin suspension to the well containing cells in a 
dropwise manner, and incubate the plate at 27°C overnight (see Note 36). 

6. Add 1 mL of FBS-complete TNM-FH medium to the well, and incubate at 27°C 
overnight (see Note 36). 

7. Gently dislodge the cells from the well by using a 5-mL pipet to remove the 
medium in the well and gently disperse it across the monolayer. 
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8. Transfer the cell suspension to a 15-mL polypropylene tube, and bring the volume 
of the suspension up to 10 mL with FBS-complete TNM-FH medium prewarmed to 
room temperature. 

9. Add the antibiotic G418 sulfate (Geneticin) to the cell suspension to a final con- 
centration of 1 mg/mL. 

10. Distribute the cell suspension into the wells of a 96- well cell-culture plate at a vol- 
ume of 100 |lL/well, and incubate the plate at 27°C for 1 wk (see Notes 36 and 37). 

11. Carefully remove the medium from each well, and replace it with 100 |JL of fresh 
FBS-complete TNM-FH medium prewarmed to room temperature and containing 
G418 at a concentration of 1 mg/mL (see Note 38). 

12. Incubate the plate at 27°C for 1 wk (see Notes 36 and 37). 

13. Carefully remove the medium from each well, and replace it with 100 |JL of fresh 
FBS-complete TNM-FH medium prewarmed to room temperature but not contain- 
ing G4 18 (see Note 39). 

14. Incubate the plate at 27°C for 1 wk, while observing the wells for cell growth. Mark 
the bottom of any well in which growth of only a single colony of cells is apparent 
(see Note 40). 

15. Repeat steps 13 and 14. 

16. When wells containing single colonies exhibit confluent monolayers, the cells are 
expanded as described in Subheading 3.3.4.2. (see Note 41). 

3.3.4.2. Clonal Expansion 

1. Carefully remove the medium from a well containing a transformed cell monolayer 
derived from a single colony identified in Subheading 3.3.4.1., step 14. 

2. Gently pipet 200 |lL of fresh FBS-complete TNM-FH medium, prewarmed to room 
temperature, across the monolayer to detach the cells from the well surface. 

3. Using a wide-bore pipet tip (see Note 42), transfer 150 |J.L of the cell suspension to 
a well of a 24-well cell-culture plate containing 450 \xL of room temperature com- 
plete Excell-405 medium. 

4. Incubate the plate at 27°C until a confluent monolayer forms, replacing the medium 
with 0.5 mL of fresh complete Excell-405 every 4 d to ensure efficient growth (see 
Notes 36 and 41). 

5. When a confluent monolayer is visible, analyze the transformed cell line for 
expression of human antibodies by ELIS A of the cell-culture medium in the well as 
outlined in Subheading 3.3.4.3. 

3.3.4.3. Rapid Detection of Human Antibodies in Cell-Culture Medium 
from Transformed TN H5 Insect Cells by ELISA 

1. Dilute goat anti-human Fab-specific antibody 1:1,600 in PBS, pH 7.4; and add 100 
uL to each well of a flat-bottomed 96-well IEA/RIA ELISA plate. 

2. Incubate the plate at 4°C overnight. 

3. Wash the wells once with PBS containing 0.05% Tween-20 (PBS-T), add 100 liL 
of PBS-T containing 3% skim milk (PBS-TS) to each well, and incubate the plate 
at room temperature for 1 h. 



292 Guttieri and Liang 

4. Wash the wells 3x with PBS-T, and to each well add 100 |JL of transformed TN H5 
cell-culture medium from Subheading 3.3.4.2., step 5, diluted 1:1 with PBS-TS 
(see Note 43). 

5. Incubate the plate at 37°C for 1 h. 

6. Wash the wells 4x with PBS-T, and to each well add 100 |lL of goat HRP-conju- 
gated, anti-human Fc-specific antibody diluted 1:1,600 in PBS-TS. 

7. Incubate the plate at 37°C for 1 h. 

8. Wash the wells 4x with PBS-T, and to each well, add TMB peroxidase substrate, 
incubate at room temperature for 15 min, add TMB stop solution, and measure the 
O.D. at 450 nm. 

9. Cell lines that exhibit high titers of human antibodies by ELISA of cell-culture 
medium are further expanded as described in Subheading 3.3.4.4. (see Note 44). 

3.3.4.4. Expansion of Stably Transformed TN H5 Insect Cell Lines 

1. Gently dislodge the cells from the well selected in Subheading 3.3.4.3., step 9, by 

using a wide-bore pipet tip (see Note 42) to remove the medium in the well and 
gently disperse it across the monolayer. 

2. Transfer the cell suspension to the well of a 6-well cell-culture plate containing 2 
mL of complete Excell-405 medium prewarmed to room temperature, and incubate 
the plate at 27°C until a confluent monolayer forms. 

3. When confluent, gently dislodge the cells from the well by using a 5-mL pipet to 
remove the medium in the well and gently disperse it across the monolayer. 

4. Transfer the cell suspension to a T25 flask containing 3 mL of complete Excell-405 
medium prewarmed to room temperature. 

5. Incubate the flask at 27°C until a confluent monolayer forms, and confirm antibody 
expression by ELISA as outlined in Subheading 3.3.4.3. 

6. Continue expanding the cell line by dislodging the cells from the T25 flask and 
transferring the cell suspension to a T75 flask containing 10 mL of complete 
Excell-405 medium prewarmed to room temperature. Incubate the flask at 27°C. 

7. The stably transformed insect-cell line is maintained as described in Subheading 
3.1.2. using complete Excell-405 medium. 

8. Freeze the cell line for storage at a concentration of >5 x 10 5 cells/mL as outlined 
in Subheading 3.1.4. 

3.3.5. Protocol for Efficient Expression of Human Antibodies 
in Stably Transformed Insect Cells 

1. Seed a T150 flask with 1 x 10 7 stably transformed TN H5 insect cells in 30 mL of 
complete Excell-405 medium, and incubate the flask at 27°C for 72 h. 

2. Transfer the cell-culture medium to a 50-mL polypropylene centrifugation tube, 
centrifuge at l,000g at 4°C for 15 min, and filter the supernatant through a 0.45-|0m 
low-protein binding filter. 

3. Confirm antibody expression by ELISA as outlined in Subheading 3.3.4.3. 

4. Store the filtered cell-culture supernatant at 4°C in a polypropylene tube until ready 
to process for antibody affinity purification as described in Subheading 3.3.6. 
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3.3.6. Affinity Purification of Insect Cell-Expressed Human Antibodies 

1. Warm the filtered supernatant collected in Subheading 3.3.5., step 2 to room 

temperature. 

2. Prewarm to room temperature the components from a MABTrap Gil antibody 
affinity purification kit including a 1-mL HiTrap protein G column, binding buffer, 
elution buffer, and neutralizing buffer. 

3. Dilute the binding and elution buffers 1:10 with ultra-pure H2O. 

4. Wash the column with 5 mL of ultra-pure H2O. 

5. Equilibrate the column with 3 mL of diluted binding buffer. 

6. Using a syringe or pump, apply the supernatant from step 1 to the column and then 
wash the column with 5 mL of binding buffer. 

7. Elute antibody from the column with 5 mL of elution buffer, collecting 1-mL frac- 
tions off the column into tubes containing 100 |lL of neutralizing buffer. 

8. Determine the antibody concentration by spectrophotometry as described in Sub- 
heading 3.2.9., step 7, and by SDS-PAGE as outlined in Subheading 3.4. (see 
Note 45). 

3.4. SDS-PAGE of Human Antibodies Expressed by Baculovirus 
Recombinants and in Stably Transformed Insect Cells 

SDS-PAGE can be used to examine the integrity of light and heavy chains of 
human antibodies expressed by baculovirus recombinants and in stably trans- 
formed insect cells. Furthermore, antibody concentration can be determined by 
this procedure. 

1. Dilute BSA stock to 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, and 0.125 mg/mL in ultra- 
pure H2O. 

2. Add 10 uL of each BSA dilution to separate tubes, and mix each with 5 \iL of 
NuPAGE LDS sample buffer, 2 uL of NuPAGE sample reducing agent, and 3 uL of 
ultra-pure H2O. 

3. Serially dilute affinity-purified antibodies obtained in Subheading 3.2.9. or 3.3.6., 
and mix 10 |lL of each dilution with sample buffer, reducing agent, and ultra-pure 
H2O as described in step 2. 

4. Boil the BSA and antibody samples for 5 min, spin briefly in a microfuge, and 
immediately load wells of a NuPAGE Novex 10% Bis-Tris gel. Include BenchMark 
pre-stained protein ladder in one well as a mol wt marker. 

5. Run the gel at < 200 V until the dye-front reaches the bottom of the gel (approx 
35-50 min) using NuPAGE MOPS SDS running buffer and NuPAGE antioxidant. 

6. Place the gel in Coomassie brilliant blue R staining buffer [per 200 mL: 0.5 g of 
Coomassie brilliant R, 45% (v/v) methanol, 10% (v/v) glacial acetic acid, in H2O] 
at room temperature overnight, with gentle rocking. 

7. Transfer the gel to destain buffer [per 200 mL: 45% (v/v) methanol, 10% (v/v) 
glacial acetic acid, in H2O] and incubate at room temperature, with gentle rocking, 
until protein bands become visible. A standard result is shown in Fig. 4. 

8. Compare antibody concentrations to the Coomassie blue-stained protein standards. 
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Fig. 4. Polyacrylamide gel electrophoresis and Coomassie blue staining of human 
Puumala virus-specific antibodies that were affinity-purified from cell-culture super- 
natants of hybridoma cells (1) or stably transformed insect cells (2). The heavy (H) and 
light (L) chains are indicated. The sizes of mol wt markers (M) are shown to the left of 
the panel. (Reprinted from Journal of Immunological Methods, 246; Guttieri M. C, 
Bookwalter C, and Schmaljohn C, "Expression of a human, neutralizing monoclonal 
antibody specific to Puumala virus G2-protein in stably-transformed insect cells," pp. 
97-108, 2000, with permission from Elsevier Science.) 



4. Notes 

1. Fab antibody fragments are comprised of a single full-length light chain and the 
variable region as well as constant domain CHI of a single heavy chain (Fd region), 
whereas scFv fragments consist of the variable regions of a single light- and single 
heavy chain joined by a peptide linker. 

2. S/9 insect cells are routinely used for generating recombinant baculoviruses and for 
amplifying virus, whereas TN H5 insect cells are used for producing high levels of 
baculovirus-expressed antibody and for generating antibody-secreting insect cell 
transformants. 

3. Once frozen insect cells have thawed, do not leave the cells in the 37°C water bath, 
as cell death will result. 
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4. Insect cells can be thawed in insect cell-culture medium with serum (e.g., TC-100) 
or in serum-free medium (e.g., Sf-900 II SFM). However, the former medium is 
preferred because serum assists in the attachment of insect cells to the flask. Once 
the cell culture is established, the cells can be adapted for growth in serum-free 
conditions as outlined in Subheading 3.1.3. 

5. Cell damage can result if insect cells are subjected to centrifugation speeds that 
exceed 250g. 

6. Confluency is described as the presence of a single layer of cells over the entire 
area of attachment in the flask. 

7. Typically, insect cells grown as monolayers or in suspension double approximately 
every 24 h. When adherent cultures reach confluency, cells are diluted 1:5 upon 
passaging. Suspension cultures should be passaged when they reach 1 x 10 6 
cells/mL, and at this time, the cells should be diluted to 5 x 10 5 cells/mL. 

8. When cloning scFv or Fab coding sequences in frame into a baculovirus transfer 
cassette vector, the cloning site must match the correct amino acid positions deter- 
mined from the first start codon of the mRNA. 

9. Stop codons are provided in both the light- and heavy-chain cassettes of vectors pAc- 
K- CH3, pAC-L-CH3 but only in the heavy-chain cassettes of vectors pAc-K-Fc and 
pAC-L- Fc. Therefore, the sequence of the 3' primer used for amplifying genes encod- 
ing full-length k or A, light chains of Fabs must include a stop codon when cloning into 
baculovirus transfer cassette vectors pAc-K-Fc or pAC-L-Fc, respectively. 

10. PCR amplification is not required to clone light- and heavy-chain Fab genes 
derived from the pComb3 phagemid expression system into baculovirus cassette 
vector pAc-K-Fc or pAC-L-Fc. 

11. Although PCR amplification is not required to clone genes that code for light 
chains of pComb3-derived Fabs into baculovirus cassette vector pAc-K-Fc or pAC- 
L-Fc, the light- chain gene must first be subcloned into vector pEG5F (Promega) to 
add the EcoRV 3' cloning site. 

12. The light-chain gene is generally cloned first into a baculovirus transfer vector, 
although this may vary depending on the cloning strategy, which is partly determined 
by the presence of internal restriction sites within the light- and heavy-chain genes. 

13. To increase transfection efficiency, purify plasmid DNA from a bacterial culture 
that does not exceed an O.D. 600nm of 1.5. 

14. Before transfecting insect cells, it is imperative that the integrity of the heavy- and 
light-chain coding sequences within the transfer vectors be confirmed by DNA 
sequence analysis. In this manner, any mutations within the ORFs of the genes can 
be identified. 

15. S/9 cells should be evenly distributed across the surface of the plate before trans- 
fecting with baculovirus DNA. If the cells do not adhere within 30 min, they are not 
suitable for transfection. Furthermore, the density of cells on the plate should not 
exceed 60-70%. 

16. Several plates of S/9 cells should be seeded to establish multiple transfections with 
a specific baculovirus transfer vector and to establish wild-type viral DNA as well 
as mock transfection controls. 
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17. During cotransfection with baculovirus DNA, a calcium phosphate/DNA precipi- 
tate will form that turns the medium in the plate slightly turbid. 

18. Keep transfection buffer B on ice to ensure high transfection efficiency. 

19. Baculovirus-infected insect cells may exhibit enlarged nuclei when compared to 
uninfected cells. The appearance of cytopathic effects is delayed in recombinant bac- 
ulovirus-infected S/9 cells as compared to cells infected with wild-type virus. Fur- 
thermore, occlusion bodies will not be visible in recombinant baculovirus infections. 

20. Baculovirus stocks can be stored at 4°C for at least 6 mo or at -70°C for long-term 
storage. 

21. The immunofluorescence assay can be used to detect antibody expression in bac- 
ulovirus-infected insect cells as well as transfected cells. 

22. When carrying out immunofluorescence staining of transfected or infected S/9 
cells, the cells must be washed with PBS to remove serum that can inhibit fixation 
of cells to the slides. Also, include a negative control by using S/9 cells that are 
mock- transfected (or -infected). 

23. ELISA can be used to detect antibody expression in baculovirus-infected insect 
cells as well as transfected cells. 

24. As a negative control, add 100 |JL of mock-transfected (or -infected) cell-culture 
medium to a well(s) when using ELISA to detect baculovirus-expressed antibodies. 

25. For efficient plaque production, S/9 insect cells should be at a density of approx 
70% in each well of the plaque assay plate, with 98% of the cells viable. 

26. Plaque assay plates should be incubated in a moist chamber (e.g., a box containing 
a moist tissue) to prevent evaporation. 

27. For plaque purification of recombinant baculoviruses, observe the cells in the well 
for the presence of polyhedra and, if visible, repeat plaque purification to ensure 
that a clonal stock of recombinant virus is obtained. 

28. Because antibody expression is confirmed after each round of virus amplification, 
recombinant baculovirus-infected S/9 cells are cultured in serum-free medium. 

29. Amplification typically results in a viral titer of approx 1 x 10 8 pfu/mL. 

30. Using the baculovirus titer obtained by plaque assay (described in Subheading 
3.2.7.1., steps 1-11), MOI can be calculated as follows: 

*,^, r , „-. Viral titer (pfu/mL) x mL of inoculum 

MOI (pfu/cell) = — 

Number of total cells to be infected 

From this, the volume of virus inoculum can be calculated as follows: 

MOI x total number of cells to be infected 



Volume of inoculum (mL) 



Viral titer (pfu/mL) 



31. Lower yields of antibody will be obtained from baculovirus-infected cell cultures if 
cell viabilities are lower than 30% or higher than 40%. 

32. Antibody can also be affinity-purified from baculovirus-infected cell-culture super- 
natants by using the MAb Trap Gil antibody affinity purification kit (Amersham 
Biosciences) as described in Subheading 3.3.6. 
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33. Baculovirus-expressed Ig is secreted into the cell-culture medium at levels that 
reach 10-20 mg/L. 

34. Light-chain or heavy-chain antibody genes can be excised from other vectors for 
cloning into transfer plasmids pIEl-3 or pIEl-4 if the appropriate restriction 
enzyme sites are available (e.g., full-length antibody genes can be sublconed from 
baculovirus transfer vector pAcUW51 or cassette vectors pAc-K-CH3, pAc-K-Fc, 
pAC-L-CH3, and pAC-L-Fc into transfer vectors pIEl-3 or pIEl-4). 

35. Several wells should be seeded with TN H5 insect cells to establish multiple trans- 
fections with pIEl -based recombinant vectors and to establish negative as well as 
mock transfection controls. 

36. Cell-culture plates containing transfected TN H5 insect cells should be incubated in 
a moist chamber (e.g., a box containing a moist tissue) to prevent evaporation. 

37. Transfected TN H5 insect cells that do not acquire the gene for G418 resistance by 
recombination with selection plasmid pIEl-neo will not survive when grown in 
medium containing the antibiotic G418. After transfection, vast cell debris will 
therefore be apparent while the transfected cells are grown under selective pres- 
sure; however, this debris will not inhibit the growth of cells that have acquired 
antibiotic resistance. 

38. When growing newly transfected TN H5 insect cells in the presence of the antibi- 
otic G418, it is potentially beneficial for cell growth to use FBS-complete TNM-FH 
medium that is diluted 1:1 with FBS-complete TNM-FH conditioned medium 
derived from the supernatant of a wild type TN H5 insect-cell culture. To do so, the 
conditioned medium (supernatant) must first be clarified by centrifugation. Any 
residual cells remaining in the supernatant after clarification will not survive when 
grown in the presence of the G418 antibiotic. Conditioned medium should not be 
used when transfected cells are no longer maintained under selective pressure. 

39. As indicated by previous studies, selective pressure is not necessary for continuous 
and stable antibody expression (6). 

40. If it is not possible to identify wells with single colonies of TN H5 cells after trans- 
fection with pIEl -based plasmids as a result of high cell concentrations within the 
wells, the cells should be gently resuspended in complete TNM-FH medium pre- 
warmed to room temperature, further diluted in this medium, distributed among 
several wells of a 96-well cell-culture plate, incubated at 27°C, and processed as 
described in Subheading 3.3.4.1., steps 14-16. 

41. Multiple copies of antibody genes can integrate into TN H5 insect-cell genomes 
upon transfection with pIEl-based plasmids (6). Because the mechanism and loca- 
tion of integration are not known, this process can interfere with normal cell func- 
tion, thereby resulting in changes in morphology or growth rate. Transfected cells 
usually require more time to reach a confluent monolayer than wild-type cells. 

42. When transferring small volumes of cells with a pipet tip, use a wide-bore tip to 
reduce cell damage. This pipet tip can be created by snipping off the end and auto- 
claving the modified tip before use. 

43. As a negative control, add 100 |lL of wild-type cell-culture medium to a well(s) 
when using ELISA to detect antibodies expressed by transformed TN H5 insect 
cells. 
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44. In addition to their ability to express antibodies, transformed TN H5 cell lines 
should be selected for expansion based upon their stable growth in culture (see 
Note 41). 

45. Antibodies expressed in stably transformed insect cells are secreted into the cell- 
culture medium at levels that reach 0.06 |lg Ig/10 6 cells. 
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Antibody Production in Transgenic Plants 
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1. Introduction 

Antibodies bind with great affinity and specificity to their target antigens, 
allowing them to be exploited in research, medicine, agriculture, and industry 
(1-3). It is estimated that more than 1,000 antibody -based pharmaceuticals are 
currently in development, and about 200 of these are already undergoing clini- 
cal evaluation in humans. Such widespread use of antibodies would benefit 
from a safe, convenient, and cost-effective system for large-scale production. 

Traditionally, monoclonal antibodies (MAbs) have been produced using 
murine hybridoma cell lines (4). However, advances in recombinant DNA 
techniques, improvements in gene transfer procedures and the development of 
phage display technology now open the way for the production of high-affmity 
recombinant antibodies in diverse expression systems (5-8). These technolog- 
ical advances also allow the expression of humanized antibodies and antibody 
derivatives [such as single-chain Fv (scFv) fragments and antibody fusion pro- 
teins], thus broadening the range of potential applications. 

The best-established systems for recombinant antibody production are 
mammalian cell lines for full-length immunoglobulins (see Chapter 15) and 
bacterial cells for antibody fragments (see Chapter 14). Mammalian cells, par- 
ticularly Chinese hamster ovary (CHO) and murine NS0 myeloma cells, are 
favored because they efficiently assemble complex multi-subunit proteins 
(such as immunoglobulins) and are believed to synthesize glycans similar to 
those found on human glycoproteins (9). However, the culture of mammalian 
cells is expensive in terms of equipment, media, and the need for skilled per- 
sonnel, and there is limited opportunity for scale-up. There is also concern that 
mammalian cell lines could harbor human pathogens such as viruses and pri- 
ons, or oncogenic DNA sequences. Furthermore, there is now evidence that the 
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rodent cell lines discussed above do not produce the same glycan patterns as 
human cells (10). Similar reservations apply to the use of transgenic animals 
(//). Bacterial cells are used predominantly for the production of scFvs 
because these are simple, aglycosylated antibody derivatives (e.g., see ref. 12). 
Full-length, glycosylated antibodies cannot be produced using this expression 
system because bacteria do not add glycan chains to proteins. Furthermore, the 
folding and assembly of complex proteins is inefficient in bacteria, resulting in 
the formation of insoluble complexes known as inclusion bodies. Another dis- 
advantage of bacteria is their production of endotoxins, which are co-purified 
with the antibody. 

Transgenic plants have a number of distinct advantages over culture-based 
systems for antibody production (13-15). The main advantage is the antici- 
pated cost savings, reflecting the large amount of biomass that can be produced 
in a short time with no need for specialized equipment or expensive media. 
Sowing, growing, and harvesting can be carried out using traditional agricul- 
tural practices and unskilled labor. Moreover, scale-up can be achieved rapidly 
and inexpensively, simply by cultivating more land. Heterologous proteins 
accumulate to high levels in plant cells, and plant-derived antibodies are virtu- 
ally indistinguishable from those produced by hybridoma cells. Protein synthe- 
sis, secretion, and folding, as well as post-translational modifications such as 
signal peptide cleavage, disulfide-bond formation and the initial stages of gly- 
cosylation, are very similar in plant and animal cells. Only minor differences in 
glycan structure have been identified, such as the absence of terminal sialic 
acid residues and the presence of the plant-specific linkages ocl,3-fucose, and 
(31-2 xylose (16). Regardless of these differences, studies using mice adminis- 
tered a recombinant IgG isolated from plants showed that the recombinant anti- 
body was not immunogenic (17). There are no data from human studies as yet, 
because the only plant-derived antibodies at the clinical trials stage have been 
designed for topical application. However, in anticipation of possible immuno- 
genicity, plants have been modified to express human galactosyltransferases in 
order to make the glycan chains of recombinant proteins more similar to those 
found in humans (18). 

A variety of different plants can be used as expression hosts, and we have 
chosen to describe three popular systems — tobacco, rice and wheat — with 
which we have the most experience. Tobacco is advantageous because of the 
immense amount of biomass produced (tobacco can be cropped several times a 
year) and the availability of simple transformation protocols. Cereals produce 
less biomass, but have other advantages. For example, antibodies can be 
expressed in the seeds, and remain stable at ambient temperatures for years. 
This is desirable if the transgenic material must be stored or transported a long 
distance before processing (tobacco leaves must be dried or chilled for this pur- 
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pose). Cereals also lack the toxic alkaloids that are present in tobacco, which 
must be removed during downstream processing. Wheat has the lowest pro- 
ducer price of all the major crops. Several recent publications discuss the rela- 
tive merits of different plant-based production systems for recombinant 
proteins (14,19-21). 

Despite the anticipated economic advantages of transgenic plants for anti- 
body expression, the majority of the production costs (>90%) arise from down- 
stream processing (19,22). In this chapter, we outline a simple procedure for 
the isolation and purification of full-length antibodies from tobacco, based on 
their affinity for protein A. This involves the homogenization of transgenic 
material, which causes the release of proteases and oxidizing agents (e.g., phe- 
nols or tannins) from subcellular compartments. Furthermore, all cell debris 
must be removed from the crude extract before further processing. To circum- 
vent problems caused by these initial steps, we have developed a cross-flow fil- 
tration and fast-flow affinity chromatography protocol which results in 
purification to >95% (23). Although protein A binds some V H domains, the 
purification of recombinant antibody derivatives such as scFv fragments 
requires alternative procedures because such interactions are not universal. For 
example, scFvs can be purified by immobilized metal affinity chromatography 
(IMAC; see Chapter 22) using a C-terminal (His) 6 affinity tag attached to the 
recombinant protein (24,25). However, although tags are useful for detection 
and purification, they may be undesirable in antibodies that are destined for 
clinical use. A case-by-case decision for each recombinant antibody is neces- 
sary and the intended application is often a major factor in the choice of the 
most appropriate antibody type and expression host (14). 

2. Materials 

2. 1. Plant Material 

1. Tobacco (Nicotiana tabacum L.): the leaf disk transformation protocol for tobacco 
(Subheading 3.1.) is optimized for cultivar Petit Havana SRI, but other cultivars 
can also be used. Leaf disks can be obtained from plants grown in the field, but 
those from sterile-grown plants are preferred because of reduced risk of contamina- 
tion and faster growth. The preparation of sterile axenic shoots is described in Sub- 
heading 3.1.1. 

2. Rice {Oryza sativa L.): the transformation protocol for rice (Subheading 3.2.) has 
been used successfully with many different varieties (26). Typically, rice plants 
should be maintained in a climate-controlled growth chamber at 28/24°C day/night 
temperature with 70%/85% humidity with a 14-h photoperiod until fully accli- 
mated. The plants are then transferred to the greenhouse (24-28°C, 70% humidity), 
and seeds can be collected. 

3. Wheat (Triticum aestivum L.): the transformation protocol for wheat (Subhead- 
ing 3.3.) is optimized for the variety Bobwhite (27). Plants should be maintained 
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in a greenhouse or growth room at 15/12°C day/night temperature with a 10-h 
photoperiod during the first 40 days, followed by maintenance at 21/18°C 
day /night temperature with a 16-h photoperiod thereafter. Seeds can be collected 
after another 8 wk. 

2.2. Laboratory Equipment and Reagents 

1. Controlled environment room (required for rice plants only). 

2. Plant culture room with illumination system. 

3. Laminar flow hood. 

4. Steel punches, 5-mm diameter (for tobacco transformation). 

5. Stereomicroscope with light (for rice and wheat transformation). 

6. Fine forceps (two pairs) and scalpel. 

7. 30°C/37°C incubator. 

8. Whatman 3MM filter paper (Whatman). 

9. Rotary shaker. 

10. Petri dishes. 

11. Culture pots and tubes. 

12. Paranlm. 

13. Sterile, double-distilled water. 

14. 70% (v/v) ethanol. 

15. 20% and 50% (w/v) sodium hypochlorite solutions. 

16. Tween 20. 

2.3. Growth Media and Additives 

2.3.1. Basic Components 

1. MS (Murashige and Skoog) salts with minimal organics (ref. 28; see Note 1). 

2. CC salts with minimal organics (ref. 29; see Notes 1 and 2). 

3. Sucrose (tissue-culture grade). 

4. Agar (for tobacco) or type I agarose (for rice and wheat). Agarose can also be used 
for tobacco, but is more expensive than agar. 

5. Mannitol (Sigma). 

6. Sorbitol (Sigma). 

2.3.2. Additives and Stock Solutions (see Note 3) 

1. Kanamycin sulfate (Sigma). Stock solution: 100 mg/mL in H2O (see Note 4). 

2. Hygromycin B (Sigma). Stock solution: 100 mg/mL in H2O (see Note 4). 

3. Phosphinothricin (PPT) supplied as glufosinate-ammonium powder (Sigma). Stock 
solution: 10 mg/mL in H2O (see Note 4). 

4. Cefotaxime sodium (Duchefa). Stock solution: 200 mg/mL in H2O. 

5. 2,4-Dichlorophenoxyacetic acid (2,4-D) (Sigma). Stock solution: 2 mg/mL in 
dimethyl sulfoxide (DMSO). 

6. Kinetin (Sigma). Stock solution: 1 mg/mL in H2O. 

7. 6-Benzylaminopurine (6-BAP) (Sigma). Stock solution: 1 mg/mL in DMSO. 
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Table 1 

MS and CC Basic Salts and Minimal Organics (29,30) 

Ingredients MS CC 

Macroelements (mg/L) 

Make up as a 10X stock in sterile distilled water 

CaCl 2 .2H 2 440 588 

KH 2 P0 4 170 136 

KN0 3 1,900 1,212 

MgS0 4 .7H 2 370 247 

NH4NO3 - 64 

Microelements (mg/L) 

Make up as a 100X stock in sterile distilled water 

CoCl 2 .6H 2 0.025 

CuS0 4 .5H 2 0.025 

H3BO3 6.2 

KI 0.83 

MnS0 4 .4H 2 22.3 

Na 2 Mo0 4 .2H 2 0.25 

ZnS0 4 .7H 2 8.6 

Iron (mg/L) 

Make up as 100X stock in sterile distilled water 

FeS0 4 .7H 2 27.8 

Na 2 EDTA.2H 2 37.3 

Organic components (mg/L) 

Make up as 100X stock in sterile distilled water 

Filter-sterilize. 



0.025 


0.025 


3.1 


0.83 


11.15 


0.25 


5.76 


27.8 


37.3 



Thiamine HCl 


0.1 


8.5 


Pyridoxine HCl 
Glycine 
Myo-inositol 
Nicotinic acid 


0.5 
2 
100 
0.5 


1 

2 

90 

6 


Casein hydroxylate 


1,000 


1,000 



All stocks should be stored at 4°C. The macroelements, microele- 
ments, and iron can be added before autoclaving but the organic com- 
pounds should be added after cooling. 

8. a-Naphthaleneacetic acid (NAA) (Sigma). Stock solution: 1 mg/mL in H 2 0. 

9. Zeatin (Sigma). Stock solution: 10 mg/mL in 50% (v/v) ethanol. 

10. Betabactyl (Glaxo-SmithKline). Stock solution: ticarcillinxlavulanic acid (25:1). 

2.3.3. Media Composition 

All media should be prepared immediately before use with ultrapure water 
(>18 MQ cm) and autoclaved or filter-sterilized (0.2 11m). Heat-sensitive com- 



306 Stoger et al. 

ponents (selective agents, phytohormones) must be added after cooling to 
below 50°C. 

2.3.3.1 . Tobacco Transformation 

1. Basic MS medium for tobacco cultivation (tMS). Make up MS salts and minimal 
organics as shown in Table 1 or from a ready-mixed powder (see Note 1). Add 20 
g of sucrose and 8 g of agar per L of medium. Before adding the agar, adjust pH to 
5.8 with 1 N NaOH (see Note 5). 

2. tMSHCK: tMS plus 0.1 mL of NAA stock, 1 mL of 6-BAP stock, 1 mL of 
kanamycin sulfate stock, and 2 mL of cefotaxime stock (see Subheading 
2.3.2.). 

3. tMSCK: tMS plus 1 mL of kanamycin sulfate stock and 2 mL of cefotaxime stock 
(see Subheading 2.3.2.). 

4. KCB water: distilled water plus 1 mL of kanamycin-sulfate stock, 1 mL of cefo- 
taxime stock, and 1 mL of Betabactyl stock per L (see Subheading 2.3.2.). 

2.3.3.2. Rice Transformation 

1. Basic CC medium for rice cultivation (see Note 6). Make up CC salts and minimal 
organics as shown in Table 1 or from a ready-mixed powder (see Note 1). Add 20 
g of sucrose and 6 g of type I agarose per L of medium. Before adding the agarose, 
adjust pH to 6.0 with 1 N NaOH. 

2. CCH (CC with phytohormones): CC medium plus 2 mg/L of 2,4-D. 

3. CCHO (osmoticum medium): CCH plus 0.2 M mannitol and 0.2 M sorbitol. 

4. CCHS (selection medium): CCH plus 50 mg/L hygromycin B. 

5. CCR (regeneration medium): CC basic salts and minimal organics with 6% type I 
agarose, containing only 1% (w/v) sucrose and no phytohormones, supple- 
mented with 50 mg/mL hygromycin B. 

6. rMSR (rice rooting medium): MS basic salts and minimal organics with 6% type I 
agarose, containing only 1% (w/v) sucrose and no phytohormones, supple- 
mented with 50 mg/L hygromycin B. 

2.3.3.3. Wheat Transformation 

1. Basic MS medium for wheat cultivation (wMS). Make up MS salts and minimal 
organics as shown in Table 1 or from a ready-mixed powder (see Note 1). Add 30 
g of sucrose and 6 g of type I agarose per L of medium. Before adding the agarose, 
adjust pH to 6.0 with 1 N NaOH. 

2. wMSH (wMS with phytohormones): wMS plus 2 mg/L 2,4-D. 

3. wMSHO (osmoticum medium): wMSH plus 0.2 M mannitol and 0.2 M sorbitol. 

4. wMSS (selection medium): wMS plus 10 mg/L Zeatin and 2-4 mg/L PPT. 

5. wMSR (regeneration medium): half-strength MS salts, also with half the normal 
concentration of sucrose (15 g/L) but the normal amount of agarose, supple- 
mented with 2-4 mg/L PPT. 
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2.4. Transformation 

2.4. 1. Agrobacterium-Mediated Transformation of Tobacco 

1. A suitable Agrobacterium tumefaciens strain transformed with the binary expres- 
sion vector containing the antibody transgene (refs. 30,31; see Note 7). 

2. LB medium: 10 g of bacto-tryptone, 5 g of bacto-yeast extract and 10 g of NaCl per 
L of water; adjust pH to 7.0 with 5 N NaOH and sterilize by autoclaving for 20 min. 

3. Whatman 3MM filters. 

2.4.2. Particle Bombardment (Rice and Wheat) 

1. Stock solution of transforming plasmid DNA carrying antibody transgene (see 
Notes 7-9). 

2. Stock solution of plasmid DNA carrying selectable marker gene (see Note 10). 

3. Bio-Rad particle accelerator gun and accessories (see Note 11). 

4. Gold particles (Bio-Rad) (see Note 12). 

5. 100 mM spermidine. 

6. 30% PEG (mW 8,000). 

7. 100%ethanol. 

8. TE buffer: 10 mMTris-HCl, pH 8.0, 1 mMEDTA. 

9. 2.5MCaCl 2 . 
10. Sonicator. 

2.5. Affinity Purification of Antibodies 

2.5.1. Equipment 

1. Benchtop cross-flow filtration system. 

2. Low-pressure chromatography system. 

2.5.2. Chemicals and Buffers 

All chemicals are analytical-grade or molecular biology-grade, unless other- 
wise specified. Aqueous solutions must be prepared with deionized water. 
Chromatography buffers are filter-sterilized (0.2 (j,m) and degassed before use. 

1. Extraction buffer: 200 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.1 mM dithiothreitol 
(DTT), 0.1% (v/v) Tween 20, freshly prepared before use (see Note 13). 

2. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KC1, 8.1 mM Na 2 HP0 4 , 
1.5mMKH 2 P0 4 , pH 7.4. 

3. Binding buffer: PBS supplemented to 500 mM NaCl. 

4. Elution buffer 1: 100 mM sodium citrate, pH 5.0. 

5. Elution buffer 2: 100 mM sodium citrate, pH 3.0. 

2.5.3. Chromatography Media 

1. Protein A Hyper D (Invitrogen). 

2. Sephacryl S300 HR (Amersham Biosciences). 
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3. Methods 

3. 1. Transformation of Tobacco Plants 

This is a simple protocol for gene transfer to tobacco leaf disks using 
Agrobacterium tumefaciens (30). The manipulation of tobacco plants, leaf 
disks, and callus should be carried out using sterilized tools and equipment in a 
laminar flow hood to avoid microbial contamination. We recommend that all 
glassware is cleaned with double-distilled water (no detergents), covered with 
aluminum foil (see Note 14), and sterilized at 180°C for 4 h. 

3.1.1. Preparation of Sterile Axenic Shoot Cultures 

1. Wash tobacco seeds briefly with sterile H2O in a Petri dish. 

2. Surface sterilize seeds in 70% (v/v) ethanol for 5 min. 

3. Wash seeds once with sterile H2O. 

4. Transfer seeds to Petri dishes containing tMS medium. Place ten seeds, evenly 
spaced, in each dish. 

5. Seal Petri dishes with Parafilm (see Note 15). 

6. Incubate dishes at 24°C and 3,000 lux with a 16-h photoperiod. Seeds will germi- 
nate after approx 3-5 d. 

7. As soon as the seedlings touch the lids of the Petri dishes (2-3 wk), transfer them to 
culture pots containing tMS medium. Place three seedlings in each pot and con- 
tinue cultivation until leaf disks are required. 

3. 1.2. Preparation of Leaf Disks 

1. After 3^1 wk of axenic shoot growth in the culture pots, remove fully developed, 
healthy looking leaves with a scalpel and forceps, place them (one at a time) in a 
glass Petri dish lined with autoclaved Whatman 3MM filter paper, and cut out leaf 
disks using a sterile punch or scalpel. 

3. 1.3. Infection with Agrobacterium tumefaciens and Selection 
of Transgenic Tissue 

1. Two days before transformation, take a single colony or 10 uL of glycerol stock of 
the Agrobacterium strain containing the recombinant binary vector. 

2. Transfer to 10 mL of LB medium containing 50 mg/L kanamycin and incubate at 
28°C overnight on an orbital shaker at 250 rpm. 

3. Transfer 100 uL of the culture to fresh medium with no antibiotics. Incubate at 
28°C overnight on an orbital shaker at 250 rpm. 

4. Adjust the ODgoo of the Agrobacterium suspension to 1.0 with liquid MS medium. 
Return culture to the orbital shaker at 28°C for 2 h. 

5. Transfer the leaf disks to a beaker containing 50-100 mL of Agrobacterium sus- 
pension. Ensure good contact between bacteria and leaf disks. Incubate at room 
temperature for 30 min. 
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6. Transfer the leaf disks onto sterile, pre-wetted Whatman filters in Petri dishes, seal 
with Parafilm, and incubate at 26-28°C in the dark for 2 d. 

7. Wash disks with KCB water and transfer them onto tMSHCK dishes. Cultivate at 
25°C, 3,000 lux with 16-h illumination from now on. After approx 2 wk, callus tis- 
sue will begin to form. The development of shoots will require at least another 2 wk 
(see Note 16). 

3.1.4. Regeneration of Transgenic Plants 

1. After leaf disk transformation, whole plants can be regenerated for analysis, anti- 
body purification or breeding (see Note 17). 

2. When internodes have formed on shoots, dissect the shoots from the callus and 
transfer them to fresh tMSHCK dishes. Cut off shoots right next to the callus, but 
without co-transferring callus tissue. Continue cultivation at 25°C as previously 
described. Transgenic shoots will survive, whereas wild-type shoots will bleach. 

3. As soon as the shoots touch the lids of the dishes, transfer them to tMSCK culture 
pots (three plants per pot) for root induction. Cultivation conditions are unchanged. 
Roots should form within 2 wk, or accidentally co-transferred callus tissue may 
have to be removed. 

4. In order to obtain seeds, cultivate the transgenic plants for another 3-4 wk before 
transferring into soil (see Note 18). 

3.2. Transformation of Rice Plants 

As discussed for tobacco, the manipulation of seeds, explants, and callus 
should be carried out using sterilized tools and equipment in a laminar flow 
hood to avoid microbial contamination. We recommend that all glassware 
should be cleaned with double-distilled water (no detergents), covered with 
aluminum foil (see Note 14) and sterilized at 1 80°C for 4 h. 

3.2. 1. Preparation of Rice Explants for Bombardment 

1. Collect seeds from greenhouse-grown rice plants. Immature embryos are required 
for the following protocol (see Note 19), but an alternative procedure can be used 
for mature seed-derived callus (see Note 20). 

2. Wash seeds in 500 mL of tap water plus 0.5 mL of Tween 20. 

3. Transfer work to the laminar flow hood. Soak the seeds for 1 min in 70% (v/v) 
ethanol and rinse in distilled water. 

4. Immerse seeds in 500 mL of 50% (w/v) sodium hypochlorite containing 0.5 mL of 
Tween 20 and agitate for 5 min. 

5. Rinse seeds at least 3x in sterile distilled water. 

6. Dehusk seeds under a stereomicroscope using two pairs of fine forceps. Dip each 
dehusked seed briefly in the 50% (w/v) sodium hypochlorite solution and immedi- 
ately transfer to sterile distilled water. 

7. Pour off the water and sterilize for 10 min in 50% (w/v) sodium hypochlorite (see 
Note 21). 
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8. Rinse the seeds 3x in sterile distilled water and excise the immature embryos using 
fine forceps. Place the embryos scutellum-uppermost on CCH medium. 

9. Incubate the plates in darkness at 24°C for 2 d. 

10. Four hours before bombardment, transfer embryos to CCHO medium (see Note 22). 

3.2.2. Preparation of DNA-Coated Gold Particles for Bombardment 

1. Prepare high-quality plasmid DNA at a concentration of 10 mg/mL (see Note 8). 

2. Mix 2.5 mg of gold particles with 5 (_Lg of the selectable marker plasmid and 10 |ig 
of the plasmid carrying the antibody transgene. Add TE buffer to 100 |lL. Vortex 
for 30 s. 

3. Add 100 |iL of 100 mM spermidine to protect the DNA during the precipitation 
process. Vortex for 30 s. 

4. Add 100 \lL of 30% PEG (MW 8,000) and vortex for 30 s. 

5. Slowly add 100 [ih of 2.5 M CaCl 2 with continuous vortexing. When all the CaCl 2 
has been added, vortex for an additional 10 min. 

6. Centrifuge at 12,000g for 30 s and discard supernatant. 

7. Wash with 200 |lL of 100% ethanol and centrifuge at 12,000g for 30 s. 

8. Add 100 |XL of 100% ethanol and sonicate briefly to break up clumps of particles. 

9. Spot 5-10 |lL of the suspension onto the center of a carrier disk and allow to air 
dry. 

3.2.3. Bombardment Using Bio-Rad Helium Gun (PDS 1000/He) 

1. Follow manufacturer's guidelines for loading the carrier disc into the barrel of the 
helium gun. 

2. Place plant material in the targeting chamber. 

3. Bombard plant material at 900-1,300 psi (see Note 23). 

4. Bombard embryos twice with a 4-h interval between bombardments (maintain the 
embryos in darkness at 24°C on CCHO during the interval). 

3.2.4. Selection and Regeneration of Transgenic Rice Plants 

1. Transfer bombarded embryos to CCH medium. Incubate in darkness at 24°C for 2 
d. 

2. For the induction of transformed embryogenic callus, transfer embryos to CCHS 
medium and incubate in darkness at 24°C for 2 wk. 

3. Subculture the callus recovered under selective conditions at 2-wk intervals on 
fresh CCHS medium in darkness at 24°C (see Note 24). 

4. At the end of the third round of selection, transfer explants to CCR medium for 
regeneration. Incubate plates at 24°C under low light (100 |lE) for 10 d and 
stronger light (130 |0E) for the subsequent 10 d, with an 18-h photoperiod. 

5. For rooting, transfer regenerating callus to rMSR medium under the stronger light 
conditions previously described. 

6. When transgenic rice plantlets are approx 10 cm high, they can be transferred to 
soil (see Note 25). 
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7. Maintain transgenic rice plants in a growth chamber at 28°C day/24°C night tem- 
perature, 70% day/85% night humidity and a 14-h photoperiod for 3 mo. Then 
transfer to greenhouse conditions (24-28°C, 70% humidity, sunlight, and approx 
14-h photoperiod). 

3.3. Transformation of Wheat 

3.3. 1. Preparation of Wheat Embryos 

1. Dehusk wheat seeds and transfer to 20% (w/v) sodium hypochlorite for 10 min 
under a laminar flow hood. 

2. Rinse the seeds at least 3x with distilled water. 

3. Excise embryos and place, scutellum-uppermost, on plates containing wMSH 
medium. 

4. Leave plates in darkness at 24°C. 

5. At least 4 h prior to bombardment, transfer embryos to wMSHO medium (see 
Note 22). 

3.3.2. Particle Bombardment 

1. Prepare DNA-coated gold particles as described in Subheading 3.2.2. 

2. Spot 5-10 uL of the suspension onto the center of a carrier disk and allow to air 
dry. 

3. Follow manufacturer's guidelines for loading carrier disc into the barrel of the 
helium gun. 

4. Place wMSHO dish containing excised wheat embryos in the targeting chamber. 

5. Bombard explants once at 900-1,300 psi (see Note 23). 

3.3.3. Regeneration of Transgenic Wheat Plants 

1. For callus induction, transfer bombarded wheat embryos to wMSH medium and 
incubate in darkness at 24°C for 2 wk. 

2. Transfer callus to wMSS (selection medium) and maintain under stronger light 
conditions (130 uE, 18-h photoperiod) at 24°C. 

3. Transfer transgenic callus onto half-strength MS medium (wMSR) for shoot regen- 
eration. Maintain under strong light conditions (130 uE), 18-h photoperiod, 24°C. 
After two rounds of selection (2 wk each), transfer elongated shoots to tissue-cul- 
ture tubes containing the same medium. 

4. When transgenic wheat plantlets are approx 10 cm high, they can be transferred to 
soil (see Note 26). 

5. Maintain transgenic wheat plants at 15/12°C day/night temperature with a 10-h 
photoperiod during the first 40 days, followed by maintenance at 21/18°C 
day /night temperature with a 16-h photoperiod thereafter. 

3.4. Isolation of Full-Size Antibodies by Affinity Chromatography 

The protocol described here has been optimized for tobacco cultivar Petit 
Havana SRI (see Note 13). It uses cross-flow nitration for clarification and 
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fast-flow affinity chromatography for rapid processing (23). The combination 
of these techniques significantly speeds up processing and minimizes product 
loss during initial purification (see Note 27). 

1. Homogenize 0.5 g of tobacco leaf tissue in 1 mL of protein extraction buffer in a 
precooled mortar. 

2. Centrifuge the homogenate at 14,000g at 4°C for 10 min. 

3. Transfer the clear supernatant to a new sample tube and store the plant extract at 
4°C for further analysis. 

4. Filter through a 0.2-um membrane in cross-flow filtration system (see Note 28). 

5. Meanwhile, equilibrate a prepacked Protein A Hyper D column (20-mL matrix) 
with five column volumes of PBS (see Note 29). 

6. Pass filtrate through the column at -300 cm/h using a low-pressure chromatogra- 
phy system. 

7. Wash column with five column volumes of binding buffer. 

8. Wash with elution buffer 1 until the baseline is reached at A280 

9. Elute bound antibodies with three column volumes of elution buffer 2. 

10. Pool antibody-containing fractions and immediately adjust to pH 7.2 with 1 MTris- 
HC1, pH 8.0. 

11. Immediately re-equilibrate the affinity matrix with five column volumes of PBS. 

12. Pass antibody-containing fractions through Sephacryl S300 HR gel-filtration col- 
umn (3.4 x 80 cm) for further purification, removal of aggregates (see Note 30) and 
transfer of the purified product into a suitable buffer for final processing and storage. 

13. Pool antibody-containing fractions, filter-sterilize, and use for characterization — 
e.g., by Western blot, ELISA, surface plasmon resonance (SPR) (see Chapter 
23) — or store aliquots at -20°C (see Note 31). 

4. Notes 

1 . The ingredients for these basic media are listed in Table 1, although ready -mixed pow- 
ders can be purchased from many suppliers (e.g., Gibco-BRL, Flow Labs, Sigma). 

2. CC medium is required only for the transformation of immature indica rice 
embryos. 

3. Some chemicals (e.g., kanamycin sulfate) may require warming to 37°C and/or pro- 
longed stirring before they dissolve. Before use, briefly vortex all stock solutions. 

4. The choice of selective agent depends on the selectable marker used for transfor- 
mation. Kanamycin is used for tobacco transformation if the selectable marker is 
nptll or aphll, as these genes encode phosphotransferase enzymes that neutralize 
all aminoglycoside antibiotics. Hygromycin is preferred in rice because kanamycin 
is ineffective. Hygromycin B is used with the marker hpt (from Klebsiella spp., 
encoding hygromycin phosphotransferase). Although hygromycin selection can 
also be used with wheat, we have found that PPT selection kills non-transformed 
tissue more efficiently in the tissue culture protocol described here. PPT selection is 
used with the markers bar or pat, from Streptomyces hygroscopicus, both of which 
encode phosphinothricin acetyltransf erase. 
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5. The use of (expensive) glucose as a carbon source, although recommended by 
some authors, showed no significant influence on plant growth or transformation 
efficiency in our hands. 

6. CC medium is used for the culture of immature indica rice embryos (26). However, 
if mature seed-derived callus is used as the explant, MS medium is used instead 
(32,33). The basic culture medium, rMSH, is MS salts plus 30 g/L sucrose, 6 g/L 
type I agarose, and 2.5 mg/L 2,4-D. An osmoticum medium (rMSHO) is used prior 
to bombardment, and this is rMSH plus 0.4 M mannitol and 0.4 M sorbitol. A selec- 
tion medium (rMSHS) is required to isolate transgenic callus and this is rMSH plus 
30 mg/L hygromycin B. The regeneration medium (rMSHR) is basic MS salts and 
6 g/L type I agarose plus 0.5 mg/L NAA, 2 mg/L 6-BAP, and 30 mg/L hygromycin 
B, with 3 g/L maltose used instead of sucrose. The rooting medium is similar to 
rMSR as defined in Subheading 2.3.2.2. (basic MS salts and 6 g/L type I agarose 
plus 1 g/L sucrose, no phytohormones), but contains only 30 mg/L hygromycin B. 
For the transformation protocol using mature seed-derived callus, see Note 20. 

7. The binary vector (Agrobacterium transformation) or transforming plasmid (parti- 
cle bombardment) contains the antibody transgene within a plant expression con- 
struct. The construct is designed for high-level expression and is optimized to 
facilitate protein accumulation. Several general principles of construct design have 
become clear during our work on antibody production, but it should be kept in 
mind that these principles have been developed for tobacco, rice, and wheat, so 
modification may be necessary for successful antibody production in alternative 
hosts. A strong and constitutive promoter is useful for antibody expression. The 
CaMV 35 S promoter is favored for dicots, and the maize ubiquitin-1 (ubi-l) pro- 
moter is more active in monocots. A polyadenylation site is essential, and is 
included in all plant expression vectors. Protein synthesis can be maximized by 
using a construct in which the Kozak sequence has been optimized for plants and 
native 5'- and 3'-untranslated regions are replaced with plant translational 
enhancers, such as the tobacco mosaic virus omega sequence. In some cases it may 
also be necessary to modify the coding region of the transgene to match the codon 
preference of the host plant. The most important factor is protein targeting. Full- 
length antibodies need to be targeted to the secretory pathway in order to fold and 
assemble properly and to undergo correct glycosylation. Indeed, antibodies of all 
classes generally accumulate to higher levels when targeted to the secretory path- 
way, although there are several examples of high-level accumulation of scFvs in the 
cytosol. This is probably because of the behavior of different antibody sequences, 
which may affect stability. Further increases in yield can be obtained by retaining 
the antibody in the secretory pathway. The chemical environment of the ER lumen 
is well-suited to antibody accumulation. The highest yields are generally achieved 
by including in the expression construct a C-terminal KDEL sequence that causes 
proteins to be retrieved from the Golgi apparatus and returned to the endoplasmic 
reticulum (ER) in the manner of a resident ER protein. The factors affecting anti- 
body expression in plants have been reviewed in detail elsewhere (14,21,34,35). 



314 Stoger et al. 

8. Only high-quality supercoiled plasmid DNA should be used. We find that QIAGEN 
Maxiprep plasmid kits are satisfactory for this purpose. The eluted plasmid DNA 
should be ethanol-precipitated and redissolved in TE buffer to a concentration of 10 
mg/mL. Check the concentration and purity using a UV spectrophotometer. 

9. As an alternative to plasmid DNA, the expression construct can be isolated from 
the plasmid by restriction digestion and used for transformation. The same total 
amount of DNA is used. We find that this modification can reduce the transgene 
copy number and simplify the structure of the transgenic locus in regenerated 
plants, reducing the likelihood of transgene silencing (36). 

10. The selectable marker gene may be included on the same plasmid as the antibody 
transgene, but this is unnecessary. Co-transformation with two plasmids results in 
co-integration at the same locus in most plants (37). Co-integration also occurs 
when linear minimal DNA fragments are used — e.g., the transgene and marker 
gene as separate fragments each bracketed by a promoter and polyadenylation site 
(ref. 38; see Note 9). 

11. We use a Bio-Rad pneumatic helium gun, model PDS 1000/He. When considering 
investing in or hiring a particle gun, the manufacturers will advise on setting up and 
operating procedures. Bottled helium gas, carrier sheets, rupture disks, and stop- 
ping sheets are available from the same supplier. 

12. Tungsten particles are less expensive than gold ones, but we find gold particles 
more efficient for transformation, possibly because tungsten particles are less uni- 
form in size and are more reactive than gold, resulting in more damage to the target 
tissue (reviewed in ref. 38). The size of the particles also influences transformation 
efficiency. Larger particles are generally faster and penetrate further, but cause 
more damage. For rice and wheat transformation, we recommend particles 0.7-0.9 
|im in diameter. 

13. The extraction buffer has been optimized for Nicotiana tabacum cv. Petit Havana 
SRI. It prevents oxidation and reduces degradation and inactivation of recombinant 
antibodies in crude plant-cell extracts. Other tobacco varieties or plant species may 
require different buffer compositions. 

14. The use of expensive covers for the culture vessels is not necessary. Aluminum foil 
is easily co-sterilized, and provides a satisfactory safety level against contamination. 

15. Axenic shoot cultures and callus grow slightly better without Parafilm because 
there is better oxygen transfer, but the risk of contamination is increased. 

16. In some cases, shoot induction is better if NAA concentration is reduced or the hor- 
mone is completely omitted. This should be tested in parallel. 

17. The propagation of transformed callus results in non-homogeneous cell popula- 
tions with variable levels of antibody production because of position effects and 
varying transgene copy numbers (39). Regenerated plants are regarded as offspring 
derived from a single cell. Transgenic plants can be self-fertilized to produce 
homozygous offspring in order to increase production levels. Furthermore, cross- 
ing independent high producers results in double transgenic plants with further 
improved yields of recombinant protein unless the transgene is affected by epige- 
netic silencing. Seeds of these plants can be stored indefinitely. 
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18. Seeds of Nicoticma tabacum cv. Petit Havana SRI can be obtained after a relatively 
short regeneration time (4 mo). Other varieties may need more than 7 mo. 

19. The optimal age of immature rice embryos for transformation is 12-15 d. The 
maturity of the embryos can be estimated by pressing the seeds between the fin- 
gers. Immature seeds leave a milky liquid residue on the fingers, whereas mature 
seeds do not. 

20. Callus derived from mature seeds can also be used as an explant for transformation 
(32,33). In this case, the seeds are tougher and must be dehusked with sandpaper. 
Sterilize as described for immature seeds, but incubate dehusked seeds in 50% 
(w/v) sodium hypochlorite for 15 min with agitation before rinsing and drying. 
Excise the mature embryos with forceps and place, scutellum-uppermost, onto MS 
medium supplemented with 2.5 mg/L 2,4-D for 5 d. Transfer to rMSHO 
osmoticum medium (see Note 6) and bombard twice, as discussed for immature 
embryos. After bombardment, transfer to rMSH medium (see Note 6) plus 30 mg/L 
hygromycin B. Incubate in darkness for 3 wk at 24°C. Take embryogenic callus 
produced within the scutellar region of the mature embryos and subculture on fresh 
selection medium in darkness for 3 wk at 24°C. Repeat subculture at 3-wk inter- 
vals, discarding dead callus at each subculture. After three rounds of selection, 
transfer surviving embryos to rMSHR medium (see Note 6) and maintain as for 
immature embryos. Regenerated plantlets should be transferred to modified rMSR 
rooting medium (MS medium supplemented with 6 g/L type I agarose, 1 g/L 
sucrose, and 30 mg/L hygromycin B; see Note 6) and maintained under stronger 
light (130 |iE, 18-h photoperiod) at 24°C. When transgenic rice plantlets are approx 
10 cm high, they can be transferred to soil in the controlled environment room and 
then to the greenhouse, as discussed in Subheading 2.2. 

21. Handle the dehusked seeds very carefully from this stage onward and use very gen- 
tle agitation. 

22. Osmoticum treatment has been shown to improve the efficiency of particle bom- 
bardment. The exact basis is unclear. It may remove water droplets from the seed 
surface that deflect the metal particles, or it may change the physiology of the cell, 
making it more amenable to transformation (40). 

23. The optimal pressure and distance between the gun and the target must be deter- 
mined empirically for each type of explant. For optimization, a transient expression 
assay is useful. Bombard the explant with a DNA construct comprising the visible 
marker gusA driven by a strong and constitutive promoter such as maize ubi-1 (for 
cereals) or CaMV 35S (for dicots). Optimal transformation occurs when many 
small spots of GUS activity are detected 1-2 d after bombardment. If there are 
large sectors of GUS-positive tissue, this usually indicates that the particle velocity 
is too high and the tissue is dead. Reduce the pressure or increase the distance to the 
target and try again. 

24. Dead callus turns black. Discard all the dead callus at every subculture because this 
prevents the proliferation of escapes (non-transformed cells that survive under 
selection). Escapes may inhibit the growth of transformed callus. 



316 Stogeretal. 

25. We use a 4:2:1 mix of topsoil, sand, and pouzzelane (EuroPouzzelane, Lattes, 
France). 

26. We use John Innes No. 2 compost. 

27. The only major "contamination product" found in this protocol is a fragment of the 
immunoglobulin heavy chain. The addition of protease inhibitors (other than 
EDTA) and antioxidants such as polyvinylpolypyrrolidone (PVPP) during the first 
downstream processing step is unnecessary because it does not prevent this cleav- 
age of the heavy chain. Furthermore, we do not recommend the use of PVPP 
because it clogs the filter membranes during clarification. 

28. The use of cross-flow filtration is highly recommended for clarification because 
conventional membrane filters (even with large cross- sectional areas) are quickly 
clogged by plant-cell debris even if the crude extract is centrifuged at high speed. 

29. This step is optimized for murine IgG2a/b. The purification of IgGl may require 
different binding buffers. Please refer to the manufacturer's instructions. 

30. The "cleaved" heavy-chain product (see Note 27) usually associates with the affin- 
ity-purified full-size antibodies and cannot be removed by gel-filtration chromatog- 
raphy. If necessary, it can be removed by size fractionation procedures such as 
preparative gel electrophoresis. 

31. Store aliquots of purified recombinant antibodies at 4°C for subsequent characteri- 
zation. Avoid repeated freeze/thaw cycles, as these will cause protein degradation 
and loss of activity. 
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Directed Mutagenesis of Antibody Variable Domains 

Kevin Brady and Benny K. C. Lo 

1. Introduction 

The ability to mutate antibodies at the genetic level is a powerful tool in the 
antibody engineer's toolbox. Specific properties of these molecules, such as 
stability, specificity, and in some cases catalysis, can be thoroughly studied 
using mutagenesis techniques. Harnessed to other techniques such as affinity 
measurements (see Chapters 23-25), catalytic assays or biophysical charac- 
terization, mutagenesis can reveal the exact atomic mechanisms involved. 
Mutagenesis also provides the engineer with the ability to incorporate 
improved functionality into the antigen-binding site. 

Two methods are described here, which should allow the reader to perform 
site-directed mutagenesis of antibody variable-domain genes (Vl, Vh, and sin- 
gle-chain Fv [scFv]). The choice of methods is left to the reader, as each have 
their own advantages and disadvantages. This decision is often dictated by the 
sequence itself. Although the first method requires the use of a commercial kit, 
a number of non-proprietary methods are available (7). Both techniques allow 
the introduction of one or more mutations in a single experiment. Insertions 
and deletions are also possible, thus enabling the user to engineer tags and 
leader sequences in or out of the DNA. 

2. Materials 

2. 1. Oligonucleotide-Directed Mutagenesis 

1 . Plasmid vector harboring the antibody gene to be mutated. 

2. Transformer™ site-directed mutagenesis kit (Clontech), encompassing 10X 
annealing buffer, 10X synthesis buffer, T4 DNA polymerase, T4 DNA ligase, and 
E. coli BMH71-18 mutS strain. 

3. Restriction enzymes and reaction buffers (New England Biolabs). 

4. Plasmid preparation kit — e.g., Qiaprep spin miniprep kit (Qiagen). 
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5. Luria Broth (LB): 10 g of tryptone, 5 g of yeast extract, and 10 g of NaCl made up 
to 1 L in deionized water; autoclave at 121°C for 15 min. 

6. Antibiotic for resistance provided by vector. 

7. LB/antibiotic plates: 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, and 15 g 
of agar made up to 1 L in deionized water; autoclave at 121°C for 15 min, let cool 
to 50°C, and add appropriate antibiotic. Pour 20 mL into a 10-cm Petri dish; once 
cool, store at 4°C for up to 4 wk. 

8. Oligonucleotide primers for mutagenesis (40 pmol/uL), high-performance liquid 
chromatography (HPLC)-purified (see Note 1). 

9. TSS solution: 8.5 mL of LB, 0.5 mL of dimethyl sulfoxide (DMSO), 1 g of poly- 
ethylene glycol 8,000, 1 mL of 0.5 MMgCl 2 . Sterile-filter through a 0.22-um filter, 
and store at 4°C for up to 2 wk. 

10. Chemically competent E. coli strains TOP10F' (Invitrogen) or Novablue (Novagen). 

11. Double-distilled water, sterile-filtered through a 0.22-um filter. 

12. NuSieve 3:1 agarose (FMC Bioproducts) and appropriate gel electrophoresis 
equipment. 

13. IX TBE buffer: 0.09 M Tris-borate, 2 mM ethylenediaminetetraacetic acid (EDTA) 
in deionized water. 

14. Ethidium bromide solution, 10 mg/mL (Sigma). 

2.2. Overlap Extension Polymerase Chain Reaction (PCR) 
Mutagenesis 

1. Amplification primers A and D, and mutagenic primers B and C (all at 40 pmol/uL; 
see Fig. 2), (HPLC)-purified. 

2. Thermal cycling PCR block. 

3. Taq DNA polymerase [e.g., AmpliTaq DNA polymerase (Applied Biosystems)] or 
proof-reading DNA polymerase [e.g., Platinum Pfx DNA polymerase (Invitrogen)], 
with supplied PCR buffers. 

4. 10 mM deoxyadenosine 5' triphosphate (dATP), deoxythymidine 5' triphosphate 
(dTTP), deoxycytidine 5' triphosphate (dCTP) and deoxyguanosine 5' triphosphate 
(dGTP) (Sigma). Mix 62.5 |iL of each dNTP, and add 750 |iL of water. This yields 
2.5 mM dNTPs. 

5. Mineral oil (Sigma). 

6. PCR purification kit [e.g., Wizard PCR preps purification system (Promega)]. 

7. NuSieve 3:1 agarose and appropriate gel electrophoresis equipment. 

8. IX TBE buffer {see Subheading 2.1.). 

9. Ethidium bromide solution, 10 mg/mL. 

10. 0.5-mL Eppendorf tubes. 

11. Double-distilled water, sterile-filtered through a 0.22-um filter. 

3. Methods 

3. 1. Oligonucleotide-Directed Mutagenesis 

This technique requires the use of a mutagenic primer that anneals to the 
wild-type DNA, along with a specific selection strategy for the mutant (see 
Note 1). No subcloning is required, as circular (and hopefully mutated) DNA is 
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Fig. 1 . Oligonucleotide directed mutagenesis protocol summary. 



retained throughout. There are a number of kits available on the market, and all 
of these have the same theme. The Transformer™ site-directed mutagenesis 
kit, which is discussed here, is based on the methodology of Deng and Nick- 
oloff (2). The protocol is summarized in Fig. 1. 

1. In a 0.5-mL Eppendorf tube, place 2 uL of 10X annealing buffer, 1 uL of plasmid 
DNA (100 ng/uL; see Note 2), 2 uL of selection primer, and 2 uL of mutagenic 
primer. Make up to 20 uL with water. Vortex, then centrifuge briefly. 



322 Brady and Lo 

2. Incubate at 100°C on a thermal cycler block for 3 min. Chill immediately on ice for 
5 min. 

3. Briefly centrifuge mixture and add 3 uL of 10X synthesis buffer, 4 U (1 uL) of T4 
DNA polymerase, 5 U (1 uL) of T4 DNA ligase, and 5 uL of water. Mix by gentle 
pipetting a few times, centrifuge briefly, and incubate at 37°C for 2 h. 

4. Stop reaction by heating to 70°C for 5 min. Leave tube to cool to room temperature. 

5. Add 1 uL of the chosen restriction enzyme (see Notes 3 and 4). Incubate at the 
required temperature for 2 h. 

6. Mix 100 uL of ice-cold chemically competent BMH71-18 mutS E. coli (see Notes 
5 and 6) with 5 uL of the reaction mixture in a 20-mL Universal tube. Incubate on 
ice for 20 min, gently swirling the mixture every 5 min. 

7. Transfer to a 42°C water bath for 1 min. Immediately add 1 mL of prewarmed LB 
media. Incubate at 37°C for 1 h with shaking at 220 rpm. 

8. After 1 h, add 4 mL of LB containing the required antibiotic (Note: in addition to 
the antibiotic for the maintenance of the antibody plasmid tetracycline is also added 
to a final concentration of 50 |lg/mL for the maintenance of BMH71-18 mutsS E. 
coli). Incubate overnight at 37°C with shaking at 220 rpm. 

9. Perform plasmid isolation using a plasmid preparation kit according to the manu- 
facturer's instructions. 

10. Set up a second restriction digest using 2.5 uL of plasmid DNA from step 9, 2 uL 
of 10X restriction digest buffer, and 20 U (1 uL) of the required restriction enzyme. 
Make up to 20 uL with water. Incubate at 37°C for 2 h, then add an additional 1 uL 
of enzyme to the mixture. Incubate for an additional hour. 

11. Transform chemically competent E. coli (TOPI OF' or Novablue) with 5 uL of the 
restriction digest mixture according to the manufacturer's instructions. 

12. Spread 50 uL of the transformation suspension onto LB/antibiotic plates, and incu- 
bate at 37°C overnight. Inoculate several colonies separately into 5 mL of 
LB/antibiotic and grow overnight at 37°C with shaking at 220 rpm. Perform plas- 
mid isolation from these individual cultures and confirm mutagenesis by DNA 
sequencing and restriction digest (see Note 7). 

3.2. Overlap Extension PCR Mutagenesis 

This is a more efficient methodology (3) for generating mutants than the pre- 
vious method, because only the mutated DNA is handled. However, subcloning 
into the target plasmid vector is required. Fig. 2 summarizes the strategy 
involved (see Notes 8 and 9). 

1. Use standard PCR conditions for each reaction as defined here. In a PCR tube add: 

1 UL of template DNA(100 ng/uL; see Note 10), 

1 uL of each primer (40 pmol/uL; see Note 11), 

4 uL of 2.5 mM dNTPs, 

10 UL of 10X PCR buffer with 15 mM MgCl 2 , and H 2 to 99 uL. 
Overlay mixture with 40 uL of mineral oil (omit if using thermal cyclers with a 
heated lid). 
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Fig. 2. Overlap extension PCR mutagenesis protocol summary. 

2. Prepare reactions AB and CD according to step 1. 

3. Heat the reactions to 94°C for 5 min (hot start) then add 1 U (1 |iL) of Taq DNA 
polymerase. Proceed with 20 cycles of 94°C (1 min), 55°C (1 min), and 72°C (1 
min) (see Notes 12 and 13). Incubate at 72°C for 10 min for final extension. 

4. Visualize PCR products by running 5 |iL of each reaction on a 1 % agarose gel in 
IX TBE buffer with ethidium bromide solution added to 0.2 |ig/mL. Optimize PCR 
and repeat if necessary (see Notes 10-12). 

5. Clean up PCR products with the Wizard PCR Preps DNA purification system 
according to the manufacturer's instructions. 

6. Run overlap extension PCR, by adding approximately equal amounts of products AB 
and CD (evaluate by eye from agarose gel, usually 1 |iL of each) without primers A 
and D. Run for five cycles, then add primers A and D to complete PCR for 20 cycles. 

7. Check gene reconstruction on a 1% agarose gel. 

8. Digest with appropriate restriction enzymes and ligate into desired pre-digested 
plasmid. 

9. Verify mutation by DNA sequencing. 
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4. Notes 

1. The technique requires the user to design two primers (see Fig. 1). The mutagenic 
primer will incorporate the desired mutation into the gene. The selection primer 
will mutate a pre-existing single restriction site to a restriction site of specificity not 
found in the wild-type plasmid, thus allowing the selection of the mutated DNA 
strand. The most critical part of the mutagenesis procedure is primer design. It is 
possible to incorporate any number of mismatches in the primer, although primer 
length must be increased with the number of mismatches. Stability of annealing 
should evaluated carefully, and is quantifiable using any one of the large number of 
primer design software packages available. A good rule of thumb is to use at least 
10 bp either side of the mismatch, with further elongation required if the regions 
adjacent to the mutation site are AT-rich. It is possible to design primers that incor- 
porate insertions and deletions into the target DNA. The same principles apply to 
the design of such primers, although it is imperative that no frame-shift occurs as a 
result of the mutation, if one wishes to continue studying an intact Fv. The authors 
also note that this type of mutation is more facile when using PCR mutagenesis 
(see Subheading 3.2.). 

2. The Qiaprep spin miniprep kit regularly yields pET plasmid DNA (high copy num- 
ber) at a concentration of 100-150 ng/|iL from 1.5 mL of culture. This can be 
checked by examining the A260 of the DNA sample. 

3. Use an enzyme that is known to work efficiently. The use of excess amounts of 
enzyme (compared to that detailed in the kit protocol) is necessary to increase 
mutant yield, although it is important to avoid star activity if the total concentration 
of glycerol is greater than 5-10% (v/v) in the mixture (New England Biolabs sup- 
ply their enzymes in 50% glycerol). Usually, the addition of 20-40 U yields com- 
plete digestion on unmutated DNA. 

4. The chosen restriction enzyme should be active in the mixture, which contains 
37.5 mM NaCl. If your chosen enzyme requires less or no salt, it is advisable to 
ethanol-precipitate the mixture and set up a restriction digest in the buffer supplied 
with the enzyme. If the enzyme requires much higher levels of NaCl — e.g., 
BamHI, 10X annealing buffer (which contains 500 mMNaCl) can be added at this 
stage. 

5. Electroporation should not be used in the post-restriction step, as this appears to 
increase background wild-type DNA containing colonies. The use of the lower-effi- 
ciency chemical competent cells will exert added selection pressure on the linear 
wild-type DNA. 

6. To prepare chemically competent BMH71-18 mutS cells, use either your own stan- 
dard method, or as follows. Streak the cell stock onto an LB/tetracycline (50 
|ig/mL) plate. Incubate overnight at 37°C. Inoculate a single colony into 5 mL of 
LB/tetracycline and incubate at 37°C overnight with shaking. Use 0. 1 mL of this 
culture to inoculate 10 mL of LB in a sterile 50-mL centrifuge tube. Grow at 37°C 
with shaking until the OD600 reaches 0.5. Chill tube on ice for 20 min, and collect 
cells by centrifugation at 2000g for 5 min at 4°C. Resuspend the cell pellet in 1 mL 
of ice-cold TSS solution. 
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7. Perform test restrictions using the original restriction enzyme and the enzyme that 
cuts the newly introduced site. Run products on a 1% agarose gel in IX TBE buffer 
to evaluate selection-site mutagenesis. If this still demonstrates the presence of wild- 
type DNA, it may be necessary to incorporate another round of restriction digest and 
transformation. The method should preserve the integrity of the remainder of the 
plasmid-gene construct — e.g., no extra mutations should occur during the synthesis 
step. The difficulty arises from the need to screen a number of colonies for the 
desired mutation. Careful primer design is paramount to ensure that the first step 
incorporates enough mutagenic DNA into the first heteroduplex. Failure to produce 
mutants often results from the inability to anneal the mutagenic primers to the tem- 
plate. 

8. Primers A and D are standard primers used for amplifying the gene that can contain 
restriction sites for further subcloning. Primers B and C are complementary, and 
contain the mutation required. They only need to be designed according to the same 
protocol outlined in Note 1 for mutagenic primers. 

9. If the mutation to be introduced is located at the terminal regions of the antibody 
gene, only one set of PCR is necessary (small PCR products <100 bp may be diffi- 
cult to purify). Design primers A and/or D so that they incorporate the desired 
mutation followed by 10-12 complementary bases at the 3'-end. Perform PCR with 
the template and primers A and D as described in Subheading 3.2., steps 1 and 3. 

10. Concentration of template may be reduced to optimize PCR. 

11. Concentration of primers may be reduced or increased to optimize PCR. 

12. Adjust annealing temperature (55°C) if required to optimize PCR. 

13. The error rate of Taq polymerase is normally low (8xl0~ 6 ; ref. 4). However, if 
unintentional mutations are incorporated during PCR into your particular antibody 
gene, they can be minimized by using a proofreading DNA polymerase instead — 
e.g., Platinum Pfx DNA polymerase, with the following protocol: 

1 \iL of Template DNA(100 ng/|iL; see Note 11) 

1 \lL of each primer (40 pmol/|oT; see Note 12) 

6 uL of 2.5 mM dNTPs 

10 uL of 10X Pfx PCR buffer 

2|aLof50mMMgSO 4 

2.5 U (1 |0T) of Platinum Pfx DNA polymerase 

H 2 to 100 |iL. 
Overlay mixture with 40 |lL of mineral oil (omit if using thermal cyclers with heated 
lid). Heat the reactions to 94°C for 5 min. Proceed with 20 cycles of 94°C (1 min), 
55°C (1 min; see Note 12) and 68°C (1 min). Incubate at 68°C for 10 min for final 
extension. 
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Antibody Affinity Maturation by Chain Shuffling 

James D. Marks 

1. Introduction 

Phage display can be used to increase the affinity of antibodies more than 
1,000-fold (1,2). The starting point is typically a specific antibody isolated 
from a phage antibody library (see Chapter 8). To accomplish affinity matura- 
tion (increased affinity), the sequence of the antibody is diversified, the mutant 
gene repertoire is displayed on filamentous phage, and higher-affinity binders 
are selected on antigen. Although the process is straightforward, the investiga- 
tor should be reasonably certain that increasing the affinity of their particular 
antibody will lead to the desired biologic effect prior to undertaking in vitro 
affinity maturation. Higher affinity is especially important when attempting to 
neutralize a circulating toxin or growth factor in solution. In this case, the anti- 
body distributes in the same compartment as the antigen, allowing the antigen- 
antibody interaction to proceed to equilibrium. The higher the affinity, the 
greater the amount of antigen that is bound. In contrast, affinity is only one 
determining factor in the amount of antibody fragment that will accumulate in 
a tumor in vivo (3). Factors such as antibody fragment size, pharmacokinetics, 
and valency may have a more important impact (4). 

Mutations can be introduced into the antibody gene either randomly or at 
specific sites. Random introduction of mutations is the simplest approach, and 
makes no a priori assumptions as to which sites are the best to mutate in order 
to increase affinity. Random mutagenesis more closely mimics the in vivo 
process of somatic hypermutation. One common method for introducing ran- 
dom mutations has been "chain shuffling" (5), in which one of the two chains 
(Vh and Vl) is fixed and combined with a repertoire of partner chains to yield 
a secondary library that can be searched for superior pairings. This approach 
takes advantage of "random" mutations that have been introduced into Vh and 
V L germline genes in vivo. In the first described example of chain shuffling, V H 
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or V L repertoires were combined with the wild-type complementary chain 
using splicing by overlap extension to splice either the wild-type V H or V L to a 
gene repertoire of the complementary chain (5,6). However, we found that this 
can artifactually generate a shortened linker sequence (between Vh and Vl) 
leading to scFv dimers (diabodies) (7), which may be preferentially selected on 
the basis of avidity (8). This occurs because of the repetitive nature of the 
linker. Thus, we now prefer to clone the wild-type V H or V L gene into a phage 
display vector that already contains a repertoire of the complementary chain. 
Such repertoires have been described (8), and may be obtained from the author 
under a materials transfer agreement, saving considerable time. Alternatively, 
as described in the protocols that follow, the Vh and Vl gene repertoires can be 
obtained by amplifying from a pre-existing naive single-chain variable frag- 
ment (scFv) library, or from human peripheral-blood lymphocyte (PBL) RNA 
using the procedures described in Chapter 6, Subheadings 3.1.-3.3. We typi- 
cally shuffle the Vl gene of a scFv first, because more of the binding energy is 
usually contained within the Vh- If the affinity of the affinity-matured light- 
chain shuffled scFv is inadequate, we proceed with heavy-chain shuffling. 

The protocols outlined here are organized into those required for light-chain 
shuffling (Subheadings 3.1. and 3.2.), those required for heavy-chain shuffling 
(Subheadings 3.3. and 3.4.), and a protocol for selection, identification, and 
characterization of higher-affinity chain-shuffled scFv (Subheading 3.5.), 
which is applicable to both heavy- and light-chain shuffling. An overview of 
the approach is shown in Figs. 1 and 2. A detailed view of the light-chain shuf- 
fling strategy is shown in Fig. 3, and a detailed view of heavy-chain shuffling is 
shown in Fig. 4. 

2. Materials 

2. 1. Construction of Human V L Gene-Repertoire Libraries 

1. Vent DNA polymerase and 10X buffer (New England Biolabs). 

2. 20X dNTPs: 5 mM each of deoxyadenosine 5' triphosphate (dATP), deoxyguano- 
sine 5' triphosphate (dGTP), deoxycytidine 5' triphosphate (dCTP), and 
deoxythymidine 5' triphosphate (dTTP). 

3. PCR thermocycler with heated lid. 

4. Agarose, DNA-grade and high melting (Fisher Biotech; Cat. #BP164-500). 

5. 10X TBE buffer: dissolve 108 g of Tris base and 55 g of boric acid in 900 mL of 
water, add 40 mL of 0.5 M ethylenediaminetetraacetic acid (EDTA), pH 8.0, and 
bring volume to 1 L. 

6. 100-bp ladder DNA mass markers (New England Biolabs; Cat. #N3231S). 

7. Double-stranded DNA template prepared from a naive scFv gene repertoire in 
pHENl (see Chapter 6 for preparation) (10 ng/uL). 

8. Geneclean kit (Qbiogene). 

9. Wizard PCR purification kit (Promega). 
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1. A library of rearranged light chains is constructed in 
the phage display vector pIIENl-VX3 with Ncol & Xhol 
cloning sites for insertion of a Vh gene. 
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3. Improved scFv are selected from phage library . 

1. Overview of light-chain shuffling. Step 1: A library of rearranged light 



chains is created in the phage display vector pHENl-VA3. Step 2: A wild-type Vh gene 
is cloned into the light-chain library to create a light chain-shuffled library. Higher- 
affinity scFv are isolated from the light chain-shuffled library by panning. 



10. Back primers for amplification of linker and Vl repertoire (10 pmol/|iL): 

a. RJHl/2Xho :5'-GGC ACC CTG GTC ACC GTC TCG AGT GGT GGA-3'. 

b. RJH3Xho :5'-GGG ACA ATG GTC ACC GTC TCG AGT GGT GGA-3'. 

c. RJH4/5Xho :5'-GGA ACC CTG GTC ACC GTC TCG AGT GGT GGA-3'. 

d. RJH6Xho :5'-GGG ACC ACG GTC ACC GTC TCG AGT GGT GGA-3'. 

11. FdSEQ primer (10 pmol/|lL): 5'- GAA TTT TCT GTA TGA GG-3'. 

12. pHENl-Vx,3 vector DNA (obtainable from the author under a materials transfer 
agreement). 

13. Xhol and Notl restriction enzymes, NEB2 reaction buffer, and 100X BSA solution 
(New England Biolabs). 

14. T4 DNA ligase and ligation buffer (New England Biolabs). 

15. Electrocompetent E. coli TGI cells {see Chapter 6, Subheading 3.10. for preparation). 

16. 2X TY media: dissolve 16 g of bacto-tryptone, 10 g of yeast extract, and 5 g of 
NaCl in 1 L of distilled water; autoclave the solution. 
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with BssHIl and Not! cloning sites for insertion of wild- 
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3. Improved scFv are selected from phage library . 

Fig. 2. Overview of heavy-chain shuffling. Step 1: A library of rearranged Vh gene 
segments is created in the phage display vector pHENl. Step 2: A wild-type VH CDR3, 
framework 4, scFv linker, and Vl are cloned into the Vh gene-segment library to create 
a heavy chain-shuffled library. Higher-affinity scFv are isolated from the heavy chain- 
shuffled library by panning. 



17. 2X TY/amp/2%glu media: 2X TY media containing 100 |lg/mL ampicillin and 2% 
glucose. 

18. Plasmid midi-prep kit (Qiagen). 

2.2. Construction of a Light Chain-Shuffled Phage Library 

1. PCR reagents and equipment (see Subheading 2.1., items 1-6). 

2. Double-stranded template DNA of vector pHENl containing your starting scFv 
gene (50 ng/|iL). 

3. scFvJHl-2XhoFOR primer (10 pmol/|iL): 5'-GAG TCA TTC TCG TCT CGA 
GAC GGT GAC CAG GGT GCC-3'. 
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Fig. 3. Overview of light-chain shuffling strategy. Step 1: the scFv linker and Vl 
repertoire are PCR-amplified from an existing naive scFv library in pHENl using the 
primers RJHXHO and FdSEQ and cloned into pHENl -VI 3 as Xhol-Notl fragments to 
create a library of rearranged light chains. Step 2: The wild-type rearranged Vh gene is 
PCR-amplified using the primers LMB3 and scFvJHXhoFor. Step 3: The PCR frag- 
ment is digested with Ncol and Xhol and ligated into the library of rearranged light 
chains (Step 1) to create a light chain-shuffled library. 
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Fig. 4. Overview of heavy-chain shuffling strategy. Step 1 : Vh gene-segment reper- 
toires are PCR-amplified from an existing naive scFv library in pHENl using the 
primers LMB3 and PVHFORl. Step 2: The PCR product is re-amplified using the 
primers LMB3 and PVHFOR2 to append ■BssHII and Notl restriction sites to the 3' end 
of the gene. The PCR product is digested with Ncol and Notl and ligated into pHENl 
to create a library of Vh gene segments. Step 3: Wild-type VHCDR3, framework 4, 
scFv linker, and Vl are PCR-amplified using the primers scFvVLlBACK and FdSEQ. 
Step 4: The PCR product is digested with BssHII and Notl and cloned into the Vh gene- 
segment library to create a heavy chain-shuffled library. 
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4. scFvJH3XhoFOR primer (10 pmol/^L): 5'-GAG TCA TTC TCG TCT CGA GAC 
GGT GAC CAT TGT CCC-3'. 

5. scFvJH4-5XhoFOR primer (10 pmol/u.L): 5'-GAG TCA TTC TCG TCT CGA 
GAC GGT GAC CAG GGT TCC-3'. 

6. scFvJH6XhoFOR primer (10 pmol/^iL): 5'-GAG TCA TTC TCG TCT CGA GAC 
GGT GAC CGT GGT CCC-3'. 

7. LMB3 primer (10 pmol/uL): 5'-CAG GAA ACA GCT ATG AC-3'. 

8. Geneclean kit. 

9. Xhol and Ncol restriction enzymes, NEB2 digestion buffer, and 100X BSA solu- 
tion (New England Biolabs). 

10. Vl gene-repertoire vectors (from Subheading 3.1.). 

2.3. Construction of Human Vh Gene Segment Repertoires 

1. PCR reagents and equipment (Subheading 2.1., items 1-6). 

2. ScFv gene-repertoire template DNA (double-stranded DNA) prepared from a naive 
scFv library in pHENl (see Chapter 6 for preparation) (10 ng/|xL). 

3. Geneclean kit. 

4. Wizard PCR purification kit. 

5. FORWARD1 (FORI) primers (10 pmol/uL) (see Note 1): 

a. PVH1FOR1 primer: 5'-TCG CGC GCA GTA ATA CAC GGC CGT GTC-3'; 

b. PVH3FOR1 primer: 5'-TCG CGC GCA GTA ATA CAC AGC CGT GTC CTC-3'; 

c. PVH5FOR1 primer: 5'-TCG CGC GCA GTA ATA CAT GGC GGT GTC CGA-3'. 

6. FORWARD2 (FOR2) primers (10 pmol/|iL) (see Note 2): 

a. PVH1FOR2 primer: 5'-GAG TCA TTC TCG ACT TGC GGC CGC TCG CGC 
GCA GTA ATA CAC GGC CGT GTC-3'; 

b. PVH3FOR2 primer: 5'-GAG TCA TTC TCG ACT TGC GGC CGC TCG CGC 
GCA GTA ATA CAC AGC CGT GTC CTC-3'; 

c. PVH5FOR2 primer: 5'-GAG TCA TTC TCG ACT TGC GGC CGC TCG CGC 
GCA GTA ATA CAT GGC GGT GTC CGA-3'. 

7. LMB3 primer (see Subheading 2.2.). 

8. Ncol and Notl restriction enzymes, NEB 3 buffer, and 100X BSA solution (New 
England Biolabs). 

9. T4 DNA ligase and ligation buffer (New England Biolabs). 
10. 2X TY/amp/2%glu media (see Subheading 2.1., item 17). 

2.4. Construction of a Heavy Chain-Shuffled Phage Library 

1. PCR reagents and equipment (see Subheading 2.1., items 1-6). 

2. Plasmid or single-stranded DNA containing starting scFv gene in the vector 
pHENl. 

3. Wizard PCR purification kit. 

4. Geneclean kit. 

5. FDSEQ primer (see Subheading 2.1.). 

6. Custom BACK primer scFvVLlBACK (see Note 3). 
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7. Bsslill and NotI restriction enzyme, NEB3 buffer, and 100X BSA solution (New 
England Biolabs). 

8. Plasmid DNA from the three Vjj gene-segment phage libraries (from Subheading 

3.3.)- 

9. T4 DNA ligase and ligation buffer. 

2.5. Selection, Identification, and Characterization 
of Higher-Affinity Chain-Shuffled ScFv 

1. Reagents for the preparation of phage antibodies (see Chapter 8, Subheading 2.3.). 

2. Reagents for the selection of phage antibodies using soluble biotinylated antigen 
(see Chapter 8, Subheading 2.2.). 

3. Reagents for phage enzyme-linked immunosorbent assay (ELISA) (see Chapter 8, 
Subheadings 2.4. and 2.5.). 

4. Reagents for soluble scFv ELISA (see Chapter 8, Subheadings 2.6. and 2.7.). 

5. BIAcore surface plasmon resonance (SPR) intrument (BIAcore). 

6. CM5 sensor chip (BIAcore). 

7. BIAcore EDC/NHS immobilization kit (BIAcore). 

8. 10 mM sodium acetate buffer, pH 4.5. 

9. HEPES-buffered saline (HBS): 10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, pH 
7.4. 

10. 2X TY/amp/2% glu media (see Subheading 2.1., item 17). 

11. 2X TY/amp/0.1% glu media: 2X TY media (Subheading 2.1, item 16) containing 
100 |lg/mL ampicillin and 0.1% glucose. 

12. 1 Misopropyl-(3-D-thiogalactopyranoside (IPTG). 

13. Periplasmic lysis buffer (PPB): 20% sucrose, 1 mMEDTA, 20 mM Tris-HCl, pH 8.0. 

14. 5mMMgS0 4 . 

15. CentriSep columns (Princeton Separations). 

16. 4MMgCl 2 . 

3. Methods 

3. 1. Construction of Human V L Gene Repertoire Libraries 
(see Note 4) 

1. Make up four separate 50-|lL PCR mixes containing: 

Water 35.5 |lL 

20X dNTPs 2.5 |lL 

10X Vent DNA polymerase buffer 5.0 U.L 

FdSEQ primer 25 pmol (2.5 |lL) 

BACK primers (see Note 5) 25 pmol (2.5 |iL) 

Double-stranded scFv template DNA 10 ng (1 \ih) 
Vent DNA polymerase 2 U (1 |lL) 

2. Heat the reaction mixes to 94°C for 5 min in a PCR thermocycler with a heated lid. 

3. Cycle 25x to amplify the V L genes at 94°C for 30 s, 42° C for 30 s, and 72° C for 1 
min. 
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4. Visualize the PCR product by electrophoresis on a 1.5% agarose gel in IX TBE 
buffer and purify the PCR product using the Wizard PCR purification kit. 

5. To prepare the amplified Vl repertoire for cloning, digest the PCR product with the 
Xhol and Notl restriction enzymes in the supplied NEB2 buffer and BSA solution, 
under conditions recommended by the manufacturer {see Chapter 6, Subheading 
3.7. for more detail). 

6. Gel-purify the digested gene repertoire on a 1.5% agarose gel and extract the DNA 
using the Geneclean kit. Resuspend the product in 30 \xL of water. Determine the 
DNA concentration by analysis on a 1.5% agarose gel with markers of known size 
and concentration. 

7. Digest the pHENl-Vx3 vector DNA with the Xhol and Notl restriction enzymes in 
the supplied NEB2 buffer and IX BSA solution, under conditions recommended by 
the manufacturer {see Chapter 6, Subheading 3.7. for more detail). 

8. Purify the digested vector DNA on a 0.8% agarose gel. Extract the cut vector from 
the gel using the Geneclean kit. 

9. Ligate the digested PCR products (from step 6) and the digested vector (from step 
8) as described in Chapter 6, Subheading 3.8. 

10. Electroporate the ligated DNA into electrocompetent E. coli TGI cells to create 
four Vl gene repertoire phage libraries; determine the library size, and store the 
bacterial library stock at -70°C. {see Chapter 6, Subheading 3.9. for protocols). 

11. Prepare DNA from each of the Vl gene repertoire libraries by inoculating 100 mL 
of 2X TY/amp/2% glu media with bacteria from the library glycerol stock {see 
Note 6). After overnight growth, perform a standard DNA midi plasmid prepara- 
tion from the culture. For subsequent digestion of the libraries, DNA from the dif- 
ferent repertoires can be combined. 

3.2. Construction of a Light Chain-Shuffled Phage Library 
(see Note 7) 

1. Make up 50-|lL PCR mixes containing: 

Water 34.5 uL 

20X dNTPs 2.5 uL 

10X Vent polymerase buffer 5.0 |iL 

scFv template DNA 100 ng (2.0 liL) 

scFvJHnXhoFOR 25 pmol (2.5 |lL) 

LMB3 primer 25 pmol (2.5 liL) 

Vent DNA polymerase 2 U ( 1 .0 liL) 

2. Heat the reaction mixes to 94°C for 5 min in a PCR thermocycler with a heated lid. 

3. Cycle 25x to amplify the V H gene at 94°C for 30 s, 42°C for 30 s, 72°C for 1 min. 

4. Visualize the PCR product by electrophoresis on a 1.5% agarose gel in IX TBE 
buffer and purify the PCR product using the Wizard purification kit. 

5. Digest the PCR product with Xhol and Ncol restriction enzymes in the supplied 
NEB2 buffer and BSA solution, under conditions recommended by the manufac- 
turer {see Chapter 6, Subheading 3.7. for more details). 
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6. Gel-purify the PCR product on a 1.5% agarose gel and extract the DNA using the 
Geneclean kit. Resuspend the product in 30 |lL of water. Determine the DNA con- 
centration by analysis on a 1.5% agarose gel with markers of known size and con- 
centration. 

7. Prepare the Vl gene-repertoire vector (generated from Subheading 3.1.) by digest- 
ing the vector with Xhol and Ncol restriction enzymes in the supplied NEB2 buffer 
and BSA solution, under conditions recommended by the manufacturer (see Chap- 
ter 6, Subheading 3.7. for more detail). 

8. Purify the digested vector DNA on a 0.8% agarose gel. Extract the cut vector from 
the gel using the Geneclean kit. 

9. Ligate the digested PCR products (from step 6) and the digested vector (from step 
8), and electroporate the DNA into electrocompetent E. coli TGI cells to create 
light chain- shuffled libraries; determine the library size, and store the bacterial 
library stock at -70°C (see Chapter 6, Subheading 3.9. for protocols). 

3.3. Construction of Human Vh Gene-Segment Repertoires (see 
Note 8) 

1. Make up three separate 50-|lL PCR mixes containing: 

Water 35.5 |lL 

20X dNTPs 2.5 |lL 

10X Vent polymerase buffer 5.0 |lL 

FORI primers 25 pmol (2.5 |lL) 

LMB3 primer 25 pmol (2.5 |^L) 

scFv gene template DNA 10ng(1.0|lL) 

Vent DNA polymerase 2 U ( 1 .0 |iL) 

2. Heat to 94°C for 5 min in a PCR thermocycler with a heated lid. 

3. Cycle 25x to amplify the V H genes at 94°C for 30 s, 42°C for 30 s, and 72°C for 1 
min. 

4. Gel-purify the Vh gene repertoires by electrophoresis on a 1.5% agarose gel in IX 
TBE buffer and extract the DNA using the Geneclean kit. Resuspend each product 
in 20 |lL of water. Determine the DNA concentration by analysis on a 1 .5% agarose 
gel with markers of known size and concentration. 

5. Make up three 50-|0E PCR mixes, one for each Vh gene-segment repertoire, con- 
taining: 

Water 34.5 |lL 

20X dNTPs 2.5 [iL 

10X Vent polymerase buffer 5.0 |lL 

FOR2 primers 25 pmol (2.5 (XL) 

LMB3 primer 25 pmol (2.5 |^L) 

Vh gene-segment repertoires from step 4 50 ng (2.0 |lL) 

Vent DNA polymerase 2 U ( 1 .0 |iL) 

6. Heat the reactions to 94°C for 5 min in a PCR thermocycler with a heated lid. 

7. Cycle 25x to re-amplify the Vh gene repertoires at 94°C for 30 s, 42°C for 30 s, and 
72°C for 1 min. 
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8. Visualize the PCR product by electrophoresis on a 1% agarose gel in IX TBE 
buffer and purify the PCR product using the Wizard PCR purification kit. 

9. To prepare the Vh gene repertoire for cloning, digest the PCR products with Ncol 
and Notl restriction enzymes in the supplied NEB3 buffer and BSA solution, under 
conditions recommended by the manufacturer {see Chapter 6, Subheading 3.7. 
for more detail). 

10. Gel-purify the Vh gene repertoire by electrophoresis on a 1.5% agarose gel and 
extract the DNA using the Geneclean kit. Resuspend the product in 30 |lL of water. 
Determine the DNA concentration by analysis on a 1.5% agarose gel with markers 
of known size and concentration. 

11. Digest the vector pHENl with Ncol and Notl restriction enzymes in the supplied 
NEB3 buffer and BSA solution, under conditions recommended by the manufac- 
turer {see Chapter 6, Subheading 3.7. for more details). 

12. Purify the digested vector DNA by electrophoresis on a 0.8% agarose gel. Extract 
the cut vector from the gel using the Geneclean kit. 

13. Ligate the digested PCR products (from step 10) and the digested vector (from step 
12), and electroporate the DNA into E. coli TGI cells to create three Vh gene-seg- 
ment phage libraries. Determine the library size, and store the bacterial library 
stock at -70°C {see Chapter 6, Subheading 3.9. for protocols). 

14. Prepare DNA from each of the Vh gene-segment repertoire libraries by inoculating 
100 mL of 2X TY/amp/2%glu media with bacteria from the library glycerol stock 
{see Note 6). After overnight growth, perform a standard DNA midi plasmid prepa- 
ration from the culture. For subsequent digestion of the libraries, the DNA from the 
different repertoires can be combined. 

3.4. Construction of a Heavy Chain-Shuffled Phage Library 

1. Make up 50-|lL PCR mixes containing: 

Water 34.5 [iL 

20X dNTPs 2.5 [iL 

10X Vent polymerase buffer 5.0 |XL 
FdSEQl primer 25 pmol (2.5 (XL) 

scFvVL 1 BACK primer 25 pmol (2.5 |^L) 

scFv template DNA 100 ng (2.0 |lL) 

Vent DNA polymerase 2 U ( 1 . |lL) 

2. Heat the reactions to 94°C for 5 min in a PCR thermocycler with a heated lid. 

3. Cycle 25x to amplify the V H genes at 94°C for 30 s, 42°C for 30 s, 72°C for 1 min. 

4. Visualize the PCR product by electrophoresis on a 1% agarose gel in IX TBE 
buffer and purify the PCR product using the Wizard PCR purification kit. 

5. Digest the PCR product with ZfasHII and Notl restriction enzymes in the supplied 
NEB3 buffer and BSA solution, under conditions recommended by the manufac- 
turer {see Chapter 6, Subheading 3.7. for more detail). First digest with Notl at 
37°C, then add the BssHll enzyme and transfer to 50°C. 

6. Gel-purify the PCR product by electrophoresis on a 1.5% agarose gel and extract 
the DNA using the Geneclean kit. Resuspend the product in 30 |lL of water. Deter- 
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mine the DNA concentration by analysis on a 1.5% agarose gel with markers of 
known size and concentration. 

7. Prepare the recipient Vh gene segment repertoire vector (generated from Subhead- 
ing 3.3.) by digesting the vector with .BssHII and Notl restriction enzymes in the 
supplied NEB3 buffer and BSA solution, under conditions recommended by the 
manufacturer {see Chapter 6, Subheading 3.7. for more detail). First digest with 
Notl at 37°C, then add the .BssHII enzyme and transfer to 50°C. 

8. Purify the digested vector DNA by electrophoresis on a 0.8% agarose gel. Extract 
the cut vector from the gel using the Geneclean kit. 

9. Ligate the digested the Vl gene PCR product (from step 6) with the digested Vh 
gene-segment phage library vectors (from step 8) and electroporate the DNA into 
electrocompetent E. coli TGI cells to create Vh gene-shuffled phage libraries; 
determine the library size, and store the bacterial library stock at -70°C {see Chap- 
ter 6, Subheading 3.9. for protocols). 

3.5. Selection, Identification, and Characterization 
of Higher-Affinity Chain-shuffled ScFv 

1. Prepare chain-shuffled phage antibody library (light chain-shuffled: Subheading 
3.2.; heavy-chain-shuffled: Subheading 3.4.) as described in Chapter 8, Sub- 
heading 3.3., using a starting culture volume of 250 mL. 

2. Select chain-shuffled phage antibody library on soluble biotinylated antigen as 
described in Chapter 8, Subheading 3.2. {see Notes 9 and 10) but using three dif- 
ferent antigen concentrations for selection equal to: KJl, KJ10, and KJ100, where 
Kj = the affinity of the wild-type antibody for the antigen. Elute the phage from the 
beads using 100 |iL of 100 mM HC1 at room temperature for 10 min {see Note 11), 
then add 1 mL of 1 MTris-HCl, pH 7.4. 

3. Prepare phage for the next round of selection as described in Chapter 8, Subhead- 
ing 3.3., using a starting culture volume of 50 mL. 

4. Repeat steps 1-3 for a total of 4-5 rounds of selection. Select the phage output 
from a single antigen concentration (of the three utilized) for the next round of 
selection {see Note 12). 

5. Prepare soluble scFv from selection rounds 3-5 as described in Chapter 8, Sub- 
heading 3.6. 

6. Perform soluble scFv ELISA as described in Chapter 8, Subheading 3.7. to iden- 
tify antigen-binding scFv. 

7. Identify higher- affinity scFv by off-rate screening using SPR in a BIAcore as 
described in the following steps {see Note 13). 

8. Select 30-50 scFv ELISA-positive clones for further study. For each clone, grow a 
1-mL overnight culture in 2X TY/amp/2%glu media at 30°C, shaking at 250 rpm. 

9. Add 50 |iL of the overnight culture to 5 mL of 2X TY/amp/0.1%glu in a 50-mL 
tube and grow at 37°C shaking at 250 rpm for approx 2 h, to A^oo of about 0.9. 

10. Induce scFv expression by adding 5 |lL of 1 M IPTG to each tube (final concentra- 
tion of 500 \iM) and grow shaking (250 rpm) at 30°C for 4 h. Collect the cells by 
centrifuging in a 15-mL Falcon tube at 4,000g for 15 min. 
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11. To prepare a periplasmic extract, resuspend the bacterial pellet in 200 |iL of PPB 
buffer, transfer the resuspended pellet to 1.5-mL tubes, and place them on ice for 20 
min. This shrinks the cells, extracts some scFv protein, and makes the periplasm 
hyperosmotic, facilitating the swelling that occurs with addition of hyposomotic 
MgCl2- Pellet the cells in a microcentrifuge at full speed (14,000 rpm) for 5 min. 
Discard the supernatant. Use the bacterial pellet for the osmotic shock preparation. 

12. To prepare an osmotic shock fraction, resuspend the pellet in 200 |JE of 5 mM 
MgSC>4 and incubate the resuspended pellet on ice for 20 min. Pellet the cells in a 
microcentrifuge at full speed (14,000 rpm) for 5 min. Save the supernatant, which 
is the osmotic shock fraction, in a new tube. 

13. Change the buffer containing the scFv from the osmotic shock buffer to the BIA- 
core running buffer (HBS) using the CentriSep columns, as per the manufacturer's 
instructions (see Note 14) 

14. Set up the BIAcore instrument according to the manufacturer's instructions. In the 
flow cell of the BIAcore instrument, immobilize the target antigen to a CM5 sensor 
chip using EDC/NHS chemistry as described by the manufacturer (see Note 15). 

15. Inject the scFv preparation from step 13 over the flow cell for 1 min, followed by 
2-10 min observation of the dissociation phase at a constant flow rate of 15 
|0T/min, with HBS as the running buffer. 

16. Regenerate the chip surface and analyze the next scFv (see Note 16). A program 
can be written to automate this process, allowing unattended analysis of 40-50 
scFv overnight. An apparent k g can be determined from the dissociation part of the 
sensorgram for each scFv analyzed, using the software provided by the BIAcore 
manufacturer (see Note 17). 

4. Notes 

1. We use primers that generate Vh gene-segment repertoires derived primarily from 
the Vh 1,3, and 5 gene families, since we have not observed any scFv phage anti- 
bodies derived from the V H 2, 4, or 6 families. Primers PVH1FOR1, PVH3FOR1, 
and PVH5FOR1 are designed to anneal to the consensus 3'-FR3 sequence of VhI, 
Vr3, or, Vh5, respectively (9). 

2. Primers PVH1FOR2, PVH3FOR3, and PVH5FOR5 contain the sequences of the 
PVH1FOR1, PVH3FOR1, and PVH5FOR1 primers and append a BssHll site at 
the 3'-end of FR3 followed by a Notl restriction sites. The 5.v.vHII site corresponds 
to Vh amino acid residues 93 and 94 (Kabat numbering [ref. 14] and does not 
change the amino acid sequence [alanine-arginine]). 

3. The light-chain gene, linker DNA, and Vh CDR3 and FR4 from the starting scFv 
are amplified using PCR and cloned into the Vh gene-segment phage libraries gen- 
erated from Subheading 3.3. For a starting scFv cloned into pHENl, this is 
achieved using a specific BACK primer (scFvVLlBACK) designed for the particu- 
lar scFv, and primer FdSEQl, which anneals within the phage gene 3 in pHENl. 
The BACK primer used here, in the example, scFvVLlBACK, anneals to the last 
24 nucleotides of Vh framework 3 and the first 18 nucleotides of the CDR3. The 
primer also contains a fosHII restriction site incorporated into the six nucleotides 
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encoding the last two amino acid residues of Vh framework 3 (amino acid residues 
93 and 94, Kabat numbering [14]). For any given scFv, it is likely that a unique 
scFvVLlBACK primer will need to be designed, incorporating the features 
described here. In addition, a different 3' primer may be required, depending on the 
vector backbone in which the starting scFv is cloned. 

4. For light-chain shuffling, a library of light-chain genes is constructed in the vector 
pHENl-Vx3. This vector is based on pHENl and contains the pelB leader, an Ncol 
cloning site, a polylinker, a Xhol cloning site comprising the two C-terminal amino 
acids of the Vh framework 4, linker DNA and a single V^ light chain (10). The Xhol 
site can be encoded at the end of the Vh FR4 without changing the amino acid 
sequence of residues 102 and 103 (serine-serine) (ref. 14). To create the libraries, 
V K and V\ gene repertoires and linker DNA are amplified by PCR using as a tem- 
plate double-stranded DNA prepared from a naive scFv phage antibody library pre- 
pared as described in Chapter 6. Four BACK primers are used that anneal to the 
first six nucleotides of the (Gly4Ser)3 linker and either the JhI, 2, Jh3, Jh 4,5 or Jh6 
segments, and contain the Xhol cloning site. The pHENl -V^3 vector is digested 
with Xhol and Notl, removing the single N\ gene, and the amplified repertoires are 
cloned into the digested vector. The resulting library contains rearranged human V K 
and V\ gene repertoires, linker DNA, and cloning sites for inserting a rearranged 
Vh gene as an Ncol-Xhol fragment (Fig. 3). 

5. Either RJHl/2Xho, RJH3Xho, RJH4/5Xho, or RJH6Xho (see Subheading 2.1.). 

6. The innoculum should be large enough so that the number of bacteria inoculated is 
at least 5x larger than the library size. 

7. Your specific rearranged Vh gene is amplified from the vector pHENl using 
primers LMB3 (anneals upstream of the beginning of the Vh gene) and a specific 
primer that anneals to the Jh gene of your scFv (either scFvJHl-2XhoFOR, 
scFvJH3XhoFOR, scFvJH4-5XhoFOR, or scFvJH6XhoFOR (see Subheading 
2.2., items 3-6). 

8. To facilitate heavy-chain shuffling, libraries are constructed in pHENl (5) contain- 
ing human Vh gene-segment repertoires (FR1 to FR3) and a cloning site at the end 
of V H FR3 for inserting the V H CDR3, V H FR4, linker DNA and light chain from a 
binding scFv as a BssHll-Notl fragment (Fig. 4). We conserve the wild-type Vh 
CDR3 as it contains much of the antigen-binding energy. To create the libraries, 
three Vh gene-segment repertoires enriched for human Vh 1, Vh 3, and Vh 5 gene 
segments are amplified by PCR using as a template double-stranded DNA prepared 
from a naive scFv phage antibody library created as described in Chapter 6. 

9. Selections must be carefully designed in order to select antibodies that are of higher 
affinity rather than those clones that display better on phage, are less toxic to E. 
coli, are more stable, or multimerize, leading to a higher functional affinity from 
avidity. Two approaches have been used to select rare, higher-affinity scFv from a 
background of lower-affinity scFv or nonbinding scFv: selections based on binding 
kinetics and selections based on the equilibrium constant (KJ). In either case, it is 
important to use labeled antigen in solution rather than antigen adsorbed to a solid 
matrix. Use of soluble antigen biases toward selections based on binding affinity or 
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binding kinetics, rather than avidity. This is especially important when selecting 
scFv libraries, since it is known that some scFv can spontaneously dimerize in a 
sequence-dependent manner (8). Failure to use soluble antigen is likely to result in 
the selection of dimeric scFv with a monovalent binding constant no higher than 
wild-type. Even with the Fab format, soluble antigen should also be used to avoid 
selecting for phage that displays multiple copies of Fab that will have a higher 
functional affinity (avidity). 

10. We typically utilize equilibrium selections in which phage are incubated with an 
antigen concentration below the equilibrium binding constant. This approach effec- 
tively selects for antibodies with improved equilibrium constants. Reduction of the 
antigen concentration also helps to ensure that selection for higher-affinity scFv 
occurs, rather than selection for scFv that express well on phage or are less toxic to 
E. coli. The ability to use soluble antigen for selections affords the control over 
antigen concentration required for equilibrium selections. Phage are allowed to 
bind to biotinylated antigen and then recovered with streptavidin magnetic beads 
(2,11). The optimal antigen concentration used for the selection can be estimated 
a priori (12), but we prefer to use several different concentrations of antigen for the 
first round of selection. As an alternative to equilibrium selections, one can use 
selections based on binding kinetics, also termed off-rate (k ff) selections. In this 
case, the phage population is allowed to saturate the labeled antigen before a large 
molar excess of unlabeled antigen is added to the mix for a given amount of time. 
The duration of the competition with unlabeled antigen is chosen to allow the 
majority of the bound wild-type antibodies to dissociate while the improved 
mutants remain bound (13). This approach effectively selects for slower off -rates. 
Since a reduction in k ff is typically the major kinetic mechanism resulting in 
higher affinity when V-genes are mutated, both in vivo and in vitro (5), this 
approach should generally result in the selection of scFv with improved K^s. 

11. Do not leave the phage in HC1 longer than 10 min, or infectivity will be signifi- 
cantly reduced. The use of less stringent eluants may not remove the highest-affin- 
ity phage from the antigen (11). Alternatively, NHS-SS-biotin (Pierce) can be used 
for biotinylation and the phage eluted with 100 mM DTT (for details, see Chapter 
8, Subheading 3.2.). 

12. Analyze the results of the output titration for the selection to decide which of the 
selections (from the antigen concentrations = KJl, KJ10, and KJ100) to rescue for 
the next round of selection. As a rule of thumb, the decision can be based on the 
output titers: When the output titer drops significantly more than the antigen con- 
centration was lowered (when comparing the outputs from the concentrations KJl, 
KJ10, and KJ100), it is generally a result of loss of binding, and phage from this 
selection concentration should not be used for the subsequent round. Instead, use 
one of the higher antigen concentrations. For large, randomized libraries (complex- 
ity >10 7 ), the output number of phage from the first round of selection should be 
10 4 — 10 6 cfu. If the titers for all antigen concentrations are larger than 10 7 , it is 
likely that the antigen concentration was too high or that the washing steps were 
inadequate. If the titer is below 5 x 10 4 , either too many washes were performed, or 
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too little antigen was used. On average, we lower the antigen concentration about 
10-fold per round and we often use fM concentrations for the last round of the 
affinity maturation. For additional data, phage can be rescued from all three antigen 
concentrations and antigen binding determined by ELISA, to confirm that the 
selection conditions were not too stringent. 

13. Even after using the stringent selections described here, only a fraction of the 
ELISA positive clones will have a higher affinity than wild-type. The strength of 
the ELISA signal is a poor indicator of which clones have a lower Kj, and more 
typically correlates with expression level of the scFv. Thus, a technique is required 
to screen ELISA positive clones to identify those with a lower K^. One such tech- 
nique is a competition or inhibition ELISA. Alternatively, one can take advantage 
of the fact that a reduction in k ff is typically the major kinetic mechanism resulting 
in higher affinity, and thus antibodies with improved affinity can be identified by 
measuring the off-rate. Since k ff is concentration-independent (unlike k on ), it is 
possible to measure k ff — for example, using surface plasmon resonance (SPR) in 
instruments such as the BIAcore, without purifying the antibody fragment. We 
have found this a very useful technique for identifying higher affinity scFv, and we 
use it to rank affinity-maturated clones. 

14. The buffer must be changed from the osmotic shock fraction to the BIAcore run- 
ning buffer in order to avoid excessive refractive index change during the SPR 
analysis, which would obscure measurement of k ff. 

15. The appropriate antigen concentration and buffer for immobilization varies consid- 
erably among antigens. We typically start with 10 |lg/mL antigen in 10 mM sodium 
acetate buffer, pH 4.5, and adjust antigen concentration, buffer ionic strength and 
pH as appropriate for the antigen in question. The amount of antigen immobilized 
should result in approx 100-300 RU of scFv binding. 

16. The appropriate reagent for regeneration of the sensor chip between samples must 
also be determined for each antigen. However, we find that 4 M MgCl2 will regen- 
erate most antigen surfaces without a significant change in the sensorgram baseline 
after analysis of more than 100 samples. 

17. Those clones with the slowest k ff are next subcloned and purified, and the Kj is 
measured using SPR in a BIAcore. Note that in the case of scFv, the shape of the 
dissociation curve can indicate whether single or multiple k ffS are present. ScFv 
that have multiple k ffS (a curve vs a straight line when plotting In R1/R0 vs T) are 
a mixture of monomer and dimer, and are best avoided for subsequent characteriza- 
tion. 
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Antibody Affinity Maturation by Random 
Mutagenesis 

Ikuo Fujii 

1. Introduction 

The immune response to an antigen can be considered to occur in two 
stages. In the initial stage, low-affinity antibodies are generated from an exist- 
ing pool of the B-cell repertoires available at the time of immunization. In the 
second stage, which is driven by antigen stimulation, high-affmity antibodies 
are produced as a result of affinity maturation, starting with the light- and 
heavy-chain variable region (Vl and Vh) genes selected in the primary 
response. The mechanism for affinity maturation consists of somatic hypermu- 
tation of V-region genes followed by clonal selection of B -cells that produce 
antibodies of the highest affinity. Recent advances in phage-displayed antibody 
technology have enabled the affinity maturation process to be mimicked in 
vitro to improve the antigen-binding affinity and even alter the binding speci- 
ficity of recombinant antibodies (1-6). 

Filamentous bacteriophage — viruses that infect bacteria — have been used to 
display antibody fragments such as the single-chain Fv (scFv) or Fab. These are 
fused to a minor coat protein (pill) or to the major coat protein (pVIII) by insert- 
ing DNA encoding the antibody fragment into either gene III or VIII (7). The 
process of somatic hypermutation can be mimicked in vitro by scattering the 
entire V-gene with random mutations. One approach involves the use of an error- 
prone DNA polymerase in the polymerase chain reaction (PCR) to introduce 
random point mutations into the V-gene of choice. In a different approach, syn- 
thetic oligonucleotides are used to focus mutations on residues likely to be 
involved in antigen binding and away from key structural residues — for exam- 
ple, in the antibody complementarity-determining regions (CDRs). The library 
of V-gene mutants is then displayed on phage, and mutant antibodies with 
improved affinities are selected by binding to antigen under stringent selection 
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Fig. 1. Antibody-catalyzed hydrolysis. The chloramphenicol monoester derivative 
(1) was hydrolyzed by catalytic antibodies to produce chloramphenicol (2). Hapten (3), 
a transition-state analog of the hydrolysis, was used for immunization to produce the 
catalytic antibodies. Hapten (4) was used for panning selections of the phage-displayed 
catalytic antibodies. 

conditions. Here we describe these two methods for in vitro affinity maturation 
using the catalytic antibody 6D9 as a model system (8). This antibody was gen- 
erated by the immunization of a transition-state analog 3 and it catalyzes the 
hydrolysis of ester 1 to provide chloramphenicol 2 (9,10) (Fig. 1). 

A phage-displayed library of 6D9 was constructed by a modification of the 
pComb3 phagemid system (6,11) in which Fab fragments are fused to a minor 
coat protein (pill) (see Note 1). The light-chain CDR1 (LCDR1) including the 
antigen-contacting residues was randomized by PCR with randomized primers 
(Fig. 2) (see Note 2) and the entire light chain was mutated by error-prone PCR 
(12). By transforming E. coli with the randomized pComb3/6D9, a phage 
library of 8 x 10 7 clones was obtained. The phage particles were then screened 
for binding to antigen-coated plastic plates. After several rounds of panning 
with increasingly stringent washing conditions, antibody V-gene(s) from the 
binding phage(s) was subcloned into the pARA7 expression vector to produce 
soluble Fab fragments (13). 

2. Materials 

2. 1. Preparation of the M13 Helper Phage 

1. VCSM13 interference-resistant helper phage (Stratagene). 
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Fig. 2. Construction of the phage-displayed 6D9 light-chain CDR1 library in the 
pComb3 vector. 



2. E. coli XL 1 -Blue strain (Stratagene). 

3. Luria Bertani (LB) media: dissolve 10 g of Bacto tryptone, 5 g of Bacto yeast extract, 
and 10 g of NaCl in distilled water, and make up to 1 L; sterilize by autoclaving. 

4. LB/tet media: LB media containing 10 |lg/mL tetracycline (stock at 5 mg/mL in 
ethanol). 

5. LB top agar: LB media containing 0.8% (w/v) agar. 

6. LB plates: Prepare LB media containing 1.5% (w/v) agar; autoclave and pour into 
Petri dishes. 

7. SB media: Dissolve 30 g of Bacto tryptone, 20 g of Bacto yeast extract, and 10 g of 
3-(N-morpholino)propanesulfonic acid (MOPS) in distilled water, adjust the pH to 
7.0 with NaOH and make up to 1 L; sterilize by autoclaving. 

8. SB/tet media: SB media containing 10 |lg/mL tetracycline. 

9. SB/tet/kan media: SB media containing 10 |_lg/mL tetracycline and 70 |ig/mL 
kanamycin (stock at 70 mg/mL in sterile, distilled water). 

10. Millex-GP 0.22-|im filter (Millipore). 

11. Polyethylene glycol, MW 8,000. 

12. NaCl. 

13. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KC1, 8.1 mM Na 2 HP0 4 , 
1.5mMKH 2 P0 4 , pH 7.4. 

2.2. Preparation of pComb3 Phagemid Vector 

1. QIAprep spin miniprep kit (Qiagen). 

2. E. coli MC1061 strain (Promega). 
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3. LB media (see Subheading 2.1., item 3). 

4. LB/amp media: LB media containing 100 |ig/mL ampicillin (stock at 100 mg/mL 
in distilled water. 

5. LB/amp plates: LB plates (Subheading 2.1., item 6) containing 100 |lg/mL ampi- 
cillin. The antibiotic is added only when the autoclaved LB-agar solution cools to 
below 50°C. 

2.3. Library Construction 

2.3.1. LCDR1 Randomization (Focus Mutations) 

1. TaKaRa Ex Taq DNA polymerase and 10X Taq buffer (TaKaRa, Japan). 

2. dNTPs (2.5 mM each of deoxyadenosine 5' triphosphate (dATP), deoxythymidine 
5' triphosphate (dTTP), deoxycytidine 5' triphosphate (dCTP) and deoxyguanosine 
5' triphosphate (dGTP). 

3. pComb3-6D9 vector (8). 

4. 5'-Randomization primer: 5'- ATCTCTTGCAGAICIAGTCAGNNKNNKNNKC 
ATNNKAATGGANNKNNKTATTTAGATTGGTTCCTGCAGAAA-3' (the Bglll 
site is underlined), where N = G, A, T, or C, and K = T or G. 

5. 3'-Randomization primer: 5'- GCTTAAC rcrAGA ATTAACACTCATTCCTGTT 
GAA-3' (the Xbal site is underlined). 

6. Sterile distilled water. 

7. 3 M sodium acetate. 

8. Ethachinmate (Wako Pure Chemical Industries, Japan; Cat. #31-0179). 

9. Ethanol. 

10. 50X TAE buffer: dissolve 242 g of Tris(hydroxymethyl)aminomethane, 57.1 mL of 
acetic acid, and 7.43 g of EDTA-2Na in distilled water; make up to 1 L. 

11. 2% agarose gel: 2% (w/v) agarose in IX TAE buffer. 

12. QIAquick gel extraction kit (Qiagen). 

13. 10X T buffer (TaKaRa): 330 mM Tris-acetate pH 7.9, 100 mM magnesium acetate, 
5 mM dithiothreitol (DTT) and 660 mM potassium acetate. 

14. Bglll (TaKaRa). 

15. Xbal (TaKaRa). 

16. QIAquick PCR purification kit (Qiagen). 

2.3.2. Light-Chain Randomization (Error-Prone PCR) 

1. Error-prone PCR mixture: lOmMTris-HCl, pH 9.0, 50 mMKCl, 7 mMMgCl 2 , 0.5 
mM MnCl 2 , 0.2 mM dATP, 0.2 mM dGTP, 1 .0 mM dCTP, 1 .0 mM dTTP, and 0. 1 % 
(v/v) Triton. 

2. pComb3/6D9 vector (8). 

3. 5'-primer: 5'-CCAGATGTGAGCTCGTGATGACCCAGACTCCA-3'. 

4. 3'-primer: 5'-GCTTAAC7XT4GAATTAACACTCATTCCTGTTGAA-3' (the Xbal 
site is underlined). 

5. Taq DNA polymerase (Promega). 

6. 50X TAE buffer (see Subheading 2.3.1., item 10). 
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7. 2% agarose gel (see Subheading 2.3.1., item 11). 

8. QIAquick gel extraction kit. 

9. 10X T buffer (see Subheading 2.3.1., item 13). 

10. QIAquick PCR purification kit. 

11. Bglll. 

12. Xbal. 

2.3.3. Preparation of Randomized pComb3/6D9 Vector 

1. pComb3/6D9 vector (8). 

2. lOx T buffer (see Subheading 2.3.1., item 13). 

3. Sterile distilled water. 

4. Bglll. 

5. Xbal. 

6. MicroSpin S-400HR® (Amersham Biosciences). 

7. Ligation High T4 DNA ligase (Toyobo, Japan). 

8. QIAquick PCR purification kit. 

2.3.4. Preparation of Phage Library 

1. XLl-Blue electroporation-competent cells, Epicurian Coli® (Stratagene). 

2. Electroporator and 0.1 cm-gap electroporation cuvets. 

3. Sterile distilled water. 

4. SOB media: dissolve 20.0 g of tryptone; 5.0 g of yeast extract, and 0.5 g of NaCl in 
distilled water to a total volume of 1 L; sterilize by autoclaving. Add 10 mL of fil- 
ter-sterilized 1 M MgCl 2 and 10 mL of 1 M MgS0 4 per L of SOB media prior to 
use. 

5. SOC media: add 1 mL of filter- sterilized 2 M glucose solution to SOB media prior 
to use and filter-sterilize. 

6. SB/tet/amp media: SB media (see Subheading 2.1., item 7) containing 10 |^g/mL 
tetracycline and 100 |lg/mL ampicillin. 

7. SB/tet/amp/kan media: SB media containing 10 |ig/mL tetracycline, 100 |lg/mL 
ampicillin, and 70 |lg/mL kanamycin. 

8. VCSM13 helper phage (from Subheading 3.1.). 

9. Glycol solution: 20% (w/v) polyethylene glycol, mW 8,000 and 15% (w/v) NaCl in 
sterile distilled water. 

10. PBS. 

2.4. Selection of the Phage-Displayed Library 

2.4. 1. Coating Antigens on Microtiter Plates 

1. F8 Nunc-Immuno Maxisorp modules (Nunc). 

2. 10 |lg/mL of antigen in PBS (or in other appropriate buffers). 

3. PBS-Tween: PBS containing 0.05% (v/v) Tween 20. 

4. Blocking buffer: 1% (w/v) skim milk, 0.03% (w/v) sodium azide in PBS. 
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2.4.2. Panning of the Phage-Displayed Library 

1. Microtiter plate coated with the antigen (from Subheading 3.4.1.). 

2. Phage libraries (from Subheading 3.3.4.). 

3. Elution buffer: 0.1 M glycine-HCl, pH 2.2. 

4. Neutralization buffer: l.OMTris-HCl, pH 9.0. 

5. E. coli XL 1 -Blue strain. 

6. SB/tet media {see Subheading 2.1., item 8). 

7. 100 mg/mL ampicillin in sterile distilled water. 

8. Helper phage VCSM13 (from Subheading 3.1.). 

9. SB/tet/amp/kan media {see Subheading 2.3.4., item 7). 

10. Millex-GP 0.22-u.m filter. 

11. Polyethylene glycol, mW 8,000. 

12. NaCl. 

13. PBS-Tween {see Subheading 2.4.1., item 3). 

2.4.3. Titration of Output Phage Particles 

1. E. coli XL 1 -Blue culture infected with output phage (from Subheading 3.4.2., step 5). 

2. LB/tet/amp plates: LB plate (Subheading 2.1., item 6) containing 10 |lg/mL tetra- 
cycline and 100 |ig/mL ampicillin. 

2.4.4. Phage ELISA 

1. E. coli XL 1 -Blue colonies harboring output phagemids (from Subheading 3.4.3., 
step 2). 

2. SB/tet/amp media {see Subheading 2.3.4., item 6). 

3. VCSM13 helper phage (from Subheading 3.1.). 

4. 70 mg/mL kanamycin in sterile distilled water. 

5. Glycol solution {see Subheading 2.3.4., item 9). 

6. PBS. 

7. Antigen-coated, pre-blocked microtiter plates (from Subheading 3.4.1.). 

8. PBS-Tween {see Subheading 2.4.1., item 3). 

9. HRP/Anti-M13 monoclonal conjugate (Amersham Biosciences). 
10. TMB-H 2 2 peroxidase kit (Bio-Rad). 

2.4.5. pComb3 Plasm id Purification 

1. E. coli XL 1 -Blue colonies harboring output phagemids (from Subheading 3.4.3., 
step 2). 

2. SB/tet/amp media {see Subheading 2.3.4., item 6). 

3. QIAprep spin miniprep kit. 

2.5. Soluble Fab Expression 

2.5. 1. Subcloning into pARA7 Expression Vector 

1. pARA7/6D9 vector (13). 
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2. 10X M buffer (TaKaRa): 500 mM Tris-HCl, pH 7.5, 100 mM MgCl 2 , 10 mM DTT, 
1 M NaCl. 

3. Sacl. 

4. Xbal. 

5. Sterile distilled water. 

6. QIAquick gel extraction kit. 

7. MinElute PCR purification kit (Qiagen). 

8. Ligation High T4 DNA ligase. 

2.5.2. Production of Soluble Fab 

1. E. coli MC1061 competent cells (prepared using standard methods). 

2. SOC media {see Subheading 2.3.4., item 5). 

3. SB media {see Subheading 2.1., item 7). 

4. LB/amp plates {see Subheading 2.2., item 5). 

5. Circlegrow media (Q-BIO gene) containing 100 |lg/mL ampicillin. 

6. 20% Arabinose in sterile distilled water. 

7. STERICUP 0.22-n.m filter (Millipore). 

8. Ammonium sulfate. 

9. Dialysis buffer: 20 mM Tris-HCl, 0.05% (v/v) Tween 20, pH 8.0. 

10. Q Sepaharose ff* (Amersham Biosciences). 

11. Ion-exchange elution buffer: 20 mM Tris-HCl, 0.2 M NaCl, 0.05% (v/v) Tween 20, 
pH 8.0. 

12. Anti-mouse IgG F(ab')2 (Rockland). 

13. HiTrap NHS-activated HP media or prepacked columns (Amersham Biosciences). 

14. 0.1 M glycine-HCl buffer, pH 2.6. 

15. 1.0 M Tris-HCl buffer, pH 8.0. 

3. Methods 

3. 1. Preparation of M13 Helper Phage 

1. Inoculate a single colony of E. coli XL-1 Blue into 3 mL of LB/tet media and incu- 
bate shaking at 37°C overnight. 

2. The next day, inoculate 40 |J.L of the overnight culture into 2 mL of LB/tet media 
and incubate shaking at 37°C until OD600 = 0.8 (~3 h). 

3. Aliquot 100-|lL volumes into tubes. 

4. Add 10 |iL of the VCSM13 helper phage stock and serial dilutions (1/10 7 , 1/10 8 , 
1/10 9 and 1/10 10 ) into the tubes containing E. coli and incubate shaking at 37°C for 
15 min. 

5. Transfer the culture into 5 mL of LB top agar (50°C) and then pour onto LB plates. 

6. Incubate the plates at 37°C overnight for plaques to form. 

7. Infect a single plaque into 2 mL of precultured E. coli XL-1 Blue (OD600 = 0.4), 
and then incubate shaking at 37°C for 2 h. 

8. Transfer the culture to 50 mL of SB/tet/kan media and incubate shaking at 37°C 
overnight. 
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9. Centrifuge at 2,000g for 15 min at room temperature. 

10. Filter the supernatant through a Millex-GP 0.22-um filter and incubate at 70°C for 
20 min. 

11. Centrifuge at 2,000g at room temperature for 15 min. 

12. Add 2 g of polyethylene glycol mW 8,000 and 1.5 g of NaCl to the supernatant, and 
then incubate on ice for 30 min. 

13. Centrifuge at 8,500g for 30 min at 4°C. 

14. Discard the supernatant and resuspend pellet in 12 mL of PBS. 

15. Filter the helper phage solution through a Millex-GP 0.22-um filter and store at 
4°C (see Note 3). 

3.2. Preparation of pComb3 Phagemid Vector 

1. Inoculate a single colony of E. coli MCI 061 harboring the pComb3 phagemid vec- 
tor from a LB/amp plate into 3 mL of LB/amp media, and incubate shaking (200 
rpm) at 37°C for 6 h {see Note 4). 

2. Transfer the culture to 50 mL of LB/amp media, and incubate shaking (200 rpm) at 
37°C overnight. 

3. Centrifuge the culture at 2,500g for 10 min at room temperature. 

4. Prepare plasmid DNA using the QIAprep spin miniprep kit as per manufacturer's 
instructions. 

5. Store the purified pComb3 vector at -30°C. 

3.3. Library Construction 

A combinatorial library of the light chain in 6D9 was prepared by the 
pComb3 phagemid system (8). The light chain CDR1 (LCDR1) was random- 
ized by PCR with randomized primers (Subheading 3.3.1.) (Fig. 2), and in a 
separate experiment, the entire Vl was mutated by error-prone PCR (Subhead- 
ing 3.3.2.). In order to prevent wild-type contamination in the LCDR1 library, 
the pComb3/6D9 vector was modified to replace L31Thr (ACG) with a stop 
codon (TAA) and used as the template for PCR. The randomized PCR products 
were cloned via Bglll-Xbal sites back into the pComb3-6D9 vector. The liga- 
tion mixture was transformed into E. coli XL 1 -blue by electroporation. These 
methods are equally applicable to construct libraries for heavy chains, and 
indeed, for any CDR of interest. 

3.3.1. LCDR1 Randomization (Focus Mutations) 

1. Prepare the following PCR mixture in a PCR tube: 

10X Taq buffer 10 uL 

dNTPs 8 UL 

pComb3/6D9 vector 50 ng 

5'-Randomization primer 100 pmol 

3'-Randomization primer 100 pmol 

TaKaRa Ex Taq DNA polymerase 2.5 U ( 1 uL) 
Sterile distilled water to 100 uL. 
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2. Carry out 25 rounds of PCR: 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. 

3. Add 3.3 uLof 3 M sodium acetate, 1 uL of Ethachinmate, and 250 uL of ethanol to 
the PCR tube. 

4. Centrifuge at 20,000g at 4°C for 5 min and discard the supernatant. 

5. Resuspend the precipitate in 40 uL of sterile distilled water. 

6. Purify the randomized DNA by electrophoresis on a 2% agarose gel in IX TAE 
buffer and extract using the QIAquick gel extraction kit. 

7. Add 10 uL of 10X T buffer to 250 ng of the purified DNA, and then add sterile dis- 
tilled water to make a solution of 90 |lL. 

8. Add 50 U (5 uL) of Bglll and 50 U (5 |iL) of Xbal to the tube. 

9. Incubate at 37°C for 4 h. 

10. Purify the digested DNAs using the QIAquick PCR purification kit. Proceed to 
Subheadings 3.3.3. and 3.3.4. for library preparation. 

3.3.2. Light-Chain Randomization (Error-prone PCR) 

1. Prepare the following PCR mixture in a PCR tube: 
Error-prone PCR mixture 100 uL 
pComb3/6D9 vector 50 ng 

5'-primer 50 pmol (0.5 uL) 

3'-primer 50 pmol (0.5 uL) 

Taq DNA polymerase 2.5 U (1 uL) 

2. Carry out 30 rounds of PCR: 95°C for 1 min, 60°C for 1 min, and 72°C for 4 min. 

3. Purify the randomized DNA on a 2% agarose gel in IX TAE buffer and extract 
using the QIAquick gel extraction kit. 

4. Subject 1 ng of the purified DNA to one more round of error-prone PCR (these 
PCR conditions have been shown to introduce an average of 3-4 amino acid substi- 
tutions in the entire light-chain product). 

5. Dissolve 250 ng of the purified DNA in 10 uL of 10X T buffer, and then add dis- 
tilled water to make a solution of 90 uL. 

6. Add 50 U (5 uX) of Bglll and 50 U (5 uX) of Xbal to the tube. 

7. Incubate at 37°C for 4 h. 

8. Purify the digested DNAs using the QIAquick PCR purification kit. 

3.3.3. Preparation of Randomized pComb3/6D9 Vector 

After the randomization of LCDR1 or the entire Vl, the library of mutants is 
subcloned into the pComb3/6D9 vector for the preparation of phage particles 
for selection. 

1. Dissolve 3 U.g of pComb3/6D9 vector in 5 uL of 10X T buffer. 

2. Add 25 U (2.5 uL) of Bglll and 25 U (2.5 uL) of Xbal to the tube, then add sterile 
distilled water to 50 uL. 

3. Incubate at 37°C for 4 h. 

4. Transfer the reaction mixture to MicroSpin S-400HR and centrifuge at 800g at 4°C 
for 1 min. 
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5. Add 1 |_Lg of the digested pComb3/6D9 vector and 250 ng of the randomized DNA 
insert (from Subheadings 3.3.1. or 3.3.2.) to 80 |lL of Ligation High T4 DNA ligase. 

6. Incubate at 16°C overnight. 

7. Purify the ligated vector using the QIAquick PCR purification kit. 

3.3.4. Preparation of Phage Library 

1. Add the ligation product in 10 |lL of sterile distilled water to 240 |lL of XLl-Blue 
electroporation-competent cells. Transfer to a 0.1-cm-gap electroporation cuvet. 

2. Electroporate cells at 1.8 kV, 25 |lF, and 200 W. 

3. Add 6 mL of SOC media to the cells and incubate shaking at 37°C for 1 h. 

4. Centrifuge at 2,500g for 15 min at 4°C and discard the supernatant. 

5. Resuspend the pellet in 8 mL of SB/tet/amp media and incubate shaking at 37°C 
for 1 h. 

6. Add 10 12 pfu (300 uL) of VCSM13 helper phage into the culture and incubate 
shaking at 37°C for 1 h. 

7. Centrifuge at 2,000g for 15 min at room temperature and discard the supernatant. 

8. Transfer the cells to 100 mL of SB/tet/amp/kan media and incubate shaking at 
25°C overnight. 

9. Centrifuge at 2,500g for 15 min at 4°C (4 x 25 mL). 

10. Add 20 mL of glycol solution to 80 mL of the supernatant, mix gently, and then 
incubate on ice for 45 min. 

11. Centrifuge at 9,000g for 45 min at 4°C, and discard the supernatant. 

12. Resuspend phage pellet in 1 mL of PBS and then use for selection (Subheading 3.4.). 

3.4. Selection of the Phage-displayed Library 

Affinity selection of the light-chain randomized libraries for the BSA-conju- 
gated transition-state analog 4 (Fig. 1) is performed on polystyrene plates. 

3.4. 1. Coating Antigens on Microtiter Plates 

1. Add 50 |0L of an antigen solution (10 |lg/mL) to a well on a microtiter plate and 
incubate at 4°C overnight. 

2. Wash the well twice with 300 uL of PBS-Tween. 

3. Add 150 |0L of blocking buffer to the well and incubate at room temperature for 1 h. 

4. Wash well twice with 300 uL of PBS-Tween. 

5. Store the plate at 4°C. 

3.4.2. Panning of the Phage-Displayed Library 

1. Add 50 |lL of the freshly prepared phage particles (approx 1 x 10 10 cfu) in PBS into 
a single well of microtiter plates precoated with the antigen and incubate at 37°C 
for 2 h. 

2. Wash the wells with 300 |i,L of PBS-Tween. The number of washings is increased 
gradually at each round of panning (first round: 3x, second round: 5x; third round: 
lOx; and fourth round: 20x). 
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3. Add 50 uL of elution buffer to the well and let stand at room temperature for 10 
min, and then elute the attached phage particles into a tube. 

4. Neutralize the eluted phage with 50 uL of neutralization buffer. 

5. Infect the phage particles into 3.5 mL of E. coli XLl-blue cells in SB/tet media and 
incubate shaking at 37°C for 30 min. Obtain the titer of the output phage by plating 
serial dilutions {see Subheading 3.4.3.). 

6. Add ampicillin to a concentration of 100 Ug/mL into the culture and incubate shak- 
ing at 37°C until OD 600 = 0.4 (~ 1 h). 

7. Add 20 uL of VCSM13 helper phage (1 x 10 12 pfu/mL) in PBS into the culture and 
incubate shaking at 37°C for 1 h. 

8. Centrifuge the culture at 800g for 15 min at room temperature and discard the 
supernatant. 

9. Suspend the cells in 20 mL of SB/tet/amp/kan media and incubate shaking at 37°C 
for 1 h. 

10. Incubate the culture shaking at 30°C overnight. 

11. The next day, centrifuge the culture at 800g for 15 min at room temperature. 

12. Filter the supernatant through a Millex-GP 0.22-um filter. 

13. Add 0.8 g of polyethylene glycol, mW 8,000 and 0.6 g of NaCl to the supernatant, 
then incubate on ice for 45 min. 

14. Centrifuge at 9,000g for 45 min at 4°C. 

15. Discard the supernatant and resuspend in 1 mL of PBS. 

16. Filter the supernatant through a Millex-GP 0.22-um filter. 

17. Repeat this panning process 4x {see Note 5). 

3.4.3. Titration of Output Phage Particles 

The ratio of the number of colonies between the input phage and the output 
phage (output/input) indicates the efficiency of the panning process. 

1. Inoculate serial dilutions of E. coli XLl-blue cells infected with the selected phage 
particles (Subheading 3.4.2., step 5) on LB/tet/amp plates. 

2. Incubate the plates at 37°C overnight and count the number of colonies. 

3. After the final round of the panning, the colonies are screened by phage ELISA 
(Subheading 3.4.4.) and the binding clones are subjected to pComb3 plasmid 
purification. 

3.4.4. Phage ELISA 

1. Inoculate a single colony of the phage-infected E. coli XLl-blue cells (from Sub- 
heading 3.4.3., step 2) into 3 mL of SB/tet/amp media and incubate shaking at 
37°C for 6 h. 

2. Add 2 uL of VCSM13 helper phage (1 x 10 12 pfu/mL) in PBS into the culture and 
incubate shaking at 37°C for 1 h. 

3. Add kanamycin to a final concentration of 70 Ug/mL and incubate shaking at 30°C 
overnight. 

4. Centrifuge the culture at 800g for 15 min at room temperature. 
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5. Add 400 uL of glycol solution to 1 .6 mL of the supernatant, and incubate on ice for 
45 min. 

6. Centrifuge at 9,000g for 45 min at 4°C, discard the supernatant, and resuspend the 
phage pellet in 1 mL of 1.0% (w/v) skim milk in PBS. 

7. Apply 50 uL of the phage solution to an antigen-coated microtiter plate and incu- 
bate at room temperature for 2 h. 

8. Wash wells 3x with 300 uL of PBS-Tween. 

9. Add 50 uL of HRP/Anti-M 1 3 monoclonal Conjugate in PBS (at 1/1,000 dilution) 
and incubate at room temperature for 1 h. 

10. Wash wells 5x with 300 uL of PBS-Tween. 

11. Detect bound phage using the TMB-H2O2 peroxidase kit and measure optical den- 
sity (O.D.) at 415 nm. 

3.4.5. pComb3 Plasm id Purification 

After phage ELISA screening, phagemid DNA is purified from colonies pro- 
ducing antigen-binding Fabs for DNA sequencing. 

1. Inoculate a single colony of E. coli XL 1 -blue cell infected with the binding phage 
{see Subheading 3.4.3., step 2) into 3 mL of SB/tet/amp media and incubate shak- 
ing at 37°C overnight. 

2. Purify pComb3 plasmid using the QIAprep spin miniprep kit. 

3.5. Soluble Fab Expression 

The gene that encodes the light chain of the selected pComb3 phagemid is 
subcloned into the Sacl-Xbal sites of the expression plasmid pARA7-6D9. The 
soluble Fab fragment of the selected clone is expressed in E. coli MC1061 cul- 
tures with L-arabinose induction (12). 

3.5. 1. Subcloning into pARA7 Expression Vector 

1. Prepare the following restriction digestion mixture for the selected pComb3 
phagemid: 

10X M buffer 2 uL 

Selected pComb3/6D9 phagemid DNA 100 ng 
Sacl 5 U (0.5 UL) 

Xbal 5 U (0.5 UL) 

Sterile distilled water to 20 uL. 

2. Incubate the reaction mixture at 37°C for 2 h. 

3. Purify the digested DNA by electrophoresis on a 2% agarose gel in IX TAE buffer 
and extract using the QIAquick gel extraction kit. 

4. Prepare the following restriction digestion mixture for the expression vector: 

10X M buffer 2 uL 

pARA7/6D9 vector 100 ng 

Sacl 5 U (0.5 UL) 

Xbal 5 U (0.5 (XL) 

Sterile distilled water to 20 uL. 
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5. Incubate the reaction mixture at 37°C for 2 h. 

6. Purify the digested DNA using the MinElute PCR purification kit. 

7. Transfer 5 [ih of the purified DNAs to 5 |JL of a solution of Ligation High T4 DNA 
ligase. 

8. Incubate at 16°C overnight. 

3.5.2. Production of Soluble Fab 

1. Add 10 |JL of the ligation product (Subheading 3.5.1.) to 50 |JL of competent E. 
coli MC1061 cells in 50 mAf CaCl 2 (15% glycerol) on ice. 

2. Stir the solution gently and incubate on ice for 1 h. 

3. Warm the solution to 42°C for 45 s. 

4. Cool the solution on ice for 3 min. 

5. Add 450 |lL of SOC media to the transformed cells and incubate shaking at 37°C 
for 1 h. 

6. Centrifuge at 800g for 2 min at 4°C. 

7. Discard the supernatant and resuspend in 100 |iL of SB media. 

8. Plate cells onto a LB/amp plate and incubate at 37°C overnight. 

9. Inoculate a single colony to 3 mL of Circlegrow media with 100 |lg/mL ampicillin 
and incubate shaking at 37°C until OD600 = 0.6 (~2 h). 

10. Transfer the culture to 200 mL of Circlegrow media with 100 |lg/mL ampicillin and 
incubate shaking at 37°C until OD 600 = 0.2 (~1 h). 

11. Add 2 mL of 20% arabinose in sterile distilled water to the culture and incubate 
shaking (100-200 rpm) at 23°C for 3 d. 

12. Centrifuge at 8,500g for 30 min. 

13. Filter the supernatant through a Stericup 0.22-|om filter. 

14. Add 96.4 g of ammonium sulfate and stir for 1 h on ice. 

15. Centrifuge at 30,000g for 30 min and discard the supernatant. 

16. Resuspend the precipitate in 20 mL of dialysis buffer and and dialyze (mW cut-off 
12,000-14,000 Daltons) at 4°C overnight. 

17. Apply the Fab protein to a Q-Sepharose ff® ion-exchange column and elute with 
ion-exchange elution buffer. 

18. Further purify the Fab fragment by applying the eluent to an affinity column, which 
is prepared by crosslinking anti-mouse F(ab')2 antibodies to a Hi-Trap NHS-acti- 
vated HP media, as per manufacturer's instructions. Elute with 0.1 M glycine-HCl 
buffer, pH 2.6, and neutralize the eluent with 1.0 M Tris-HCl buffer, pH 8.0 {see 
Note 6). 

4. Notes 

1. The Fd and K-chain gene fragments of 6D9 were amplified by PCR as previously 
described (14). Amplified PCR products were digested with Spel-Xhol for the Fd 
gene fragment and Xbal-SacI for the K-chain gene fragment, respectively, and were 
ligated into the pComb3 vector (pComb3/6D9) (8) and the pARA7 vector 
(pARA7/6D9) (13). 

2. The X-ray structural analysis and site-directed mutagenesis of antibody 6D9 
defined a catalytic residue, histidine at 27d in the light chain CDR1 — His L27d , num- 
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bering according to Kabat, et al. (15) — which was placed in a key position to form 
a hydrogen bond to the transition-state structure (16). Based on the kinetic and 
structural information, we have designed phage-displayed libraries of 6D9 to direct 
antibodies toward those with higher activity. 

3. The VCSM13 helper phage is titrated as follows: 

a. Incubate 20 |iL of freshly prepared E. coli XL-1 Blue overnight culture in 2 mL 
of SB/tet media at 37°C for 2 h. 

b. Aliquot 100-|lL volumes into tubes. 

c. Make serial dilutions of VCSM13 helper phage in LB/tet media. 

d. Add 10 \xL of the VCSM13 dilutions into the tubes and incubate shaking at 
37°Cfor 15min. 

e. Transfer the culture into 5 mL of LB top agar and then pour onto LB plates. 

f. Incubate the plates at 37°C overnight. 

g. Count the number of plaques to determine titer (typically 10 12 " 13 pfu/mL). 

4. The pComb3 phagemid vector was a gift from Drs. Carlos Barbas III and Richard 
Lerner at the Scripps Research Institute, La Jolla, CA. 

5. The panning is usually repeated several times until the ratio of the number of 
colonies between the input phage and the output phage (output/input) becomes 
constant. 

6. The Fab concentration is measured at OD280 using e = 1.4 (0.1%, 1 cm) and Mr = 
50,000. The purity and the concentration of the Fabs are confirmed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
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Developing a Minimally Immunogenic Humanized 
Antibody by SDR Grafting 

Syed V. S. Kashmiri, Roberto De Pascalis, and Noreen R. Gonzales 



1. Introduction 

Since the advent of hybridoma technology a quarter century ago, a large 
number of murine monoclonal antibodies (MAbs) have been developed that 
are potentially useful clinical reagents against human infectious diseases and 
cancers. However, the clinical value of murine antibodies is limited because of 
the human anti-murine antibody (HAMA) response they evoke in patients 
(1-4). Early attempts to reduce the HAMA response led to the development of 
mouse-human chimeric MAbs that are generated by replacing the constant 
regions of the heavy and light chains of the murine antibodies with those of the 
human antibodies (5). Another approach to reducing the immunogenicity of a 
murine antibody is to resurface or veneer its variable domains. This is accom- 
plished by replacing the exposed residues in the framework region of the 
murine antibody with the residues that are present in the corresponding posi- 
tions of human antibodies (6). A more commonly used procedure for the reduc- 
tion of HAMA response involves grafting of the complementarity-determining 
regions (CDRs) of the xenogeneic antibody onto the human antibody frame- 
works, while retaining those residues of the xenogeneic framework regions that 
are considered essential for antibody reactivity to its antigen (7) (see Chapter 
7). Following this approach, several xenogeneic antibodies have been success- 
fully humanized (8). 

The humanized antibodies are likely to be less immunogenic in patients, 
except that the recipients of such antibodies may still elicit an anti-idiotypic 
(anti-Id) response against the potentially immunogenic murine CDRs. Several 
investigators have found that some humanized antibodies remain immunogenic 
in both subhuman primates (9-11) and humans (12,13), and that the humoral 
response of the host is directed against the variable regions of these MAbs. 
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Attempts have been made to identify the amino acid residues of the antibody 
variable regions that constitute the idiotopes that are targets of patients' 
immune response. Contributions of different CDRs and the individual residues 
to idiotope structures have been evaluated by the mutational approach. Schnei- 
der et al. (11) found that the predominant antibody response to the humanized 
anti-Tac MAb was directed against idiotopes composed wholly or in part of the 
heavy-chain (H) CDR2, HCDR3, and light-chain (L) CDR3. The immunoreac- 
tivity of the CDR-substitution mutants of humanized CC49 (HuCC49) to 
serum from a patient who received murine CC49 showed that the patient's anti- 
Id responses were directed mostly against LCDR3 and moderately against 
LCDR1 and HCDR2 of the HuCC49 (14). 

The current procedure for the humanization of a murine antibody is based on 
grafting all the CDRs of a murine antibody onto the human antibody. However, 
experimental evidence from various laboratories suggests that not all the CDRs 
of an antibody are equally important, or even essential, for antigen binding. 
Glaser et al. (15) showed that HCDR1, HCDR3, and LCDR3 of the human anti- 
Tac antibody, HAT, are essential for antigen binding, but the involvement of the 
other three CDRs in the antigen binding, if it occurs, is of a lesser degree. For an 
antibody specific for p-azophenylarsonate, it was shown that its antigen-binding 
affinity does not suffer a loss when its LCDR2 is replaced with polyglycine (16). 
An evaluation of the antigen-binding affinity of the CDR-replacement variants 
of the HuCC49 antibody showed that LCDR1 and LCDR2 of the antibody are 
dispensable, and the other CDRs are essential for the antigen-binding reactivity 
(14). The reason for this disparity between different CDRs of an antibody for 
ligand binding is that only 20-33% of CDR residues are involved in the antigen 
contact (17). Only those CDRs of an antibody that contain the residues that are 
critical to the complementarity of antigen/antibody surfaces are essential for 
antigen binding. A comprehensive analysis of the available data of the 
sequences and the three-dimensional (3D) structures of antibody-combining 
sites has helped to identify the CDR residues that may be most critical in the 
antigen-antibody interaction (18). These residues have been designated as 
specificity-determining residues (SDRs). SDRs, which are usually unique to 
each antibody, are most commonly located at positions that display high vari- 
ability. They may be identified either by the determination of the 3D structure 
of the antigen- antibody complex or by the genetic manipulation of the anti- 
body-combining site. 

A new approach to reducing the immunogenicity of the xenogeneic antibod- 
ies described here, is based on the rationale that humanization of an antibody 
can be accomplished by transplanting only the SDRs of a xenogeneic antibody 
onto the human antibody frameworks. This approach, described earlier for the 
prototypic humanization of MAb CC49 (19), involves prior identification of 
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the residues of the hypervariable regions that are most critical to the antigen- 
antibody interaction. Although only clinical trials based on administering the 
humanized antibody in patients could evaluate the humanized antibody's 
immunogenicity, its reactivity to sera from patients who had been immunized 
with the parental antibody, if available, could be evaluated in vitro. Sera reac- 
tivity is a reasonable indication of the immunogenic potential of the newly 
designed antibody. 

2. Materials 

2.1. Pre-Adsorption of Patients' Sera 

1. An antibody that reacts with an epitope of the antigen that is different from the one 
recognized by the target antibody and of the same isotype. 

2. Reacti-gel HW65F (Pierce). 

3. Sera from patients who were administered the target MAb. 

2.2. Surface Plasmon Resonance (SPR)-Based Competition Assay 
to Measure Sera Reactivity of Antibodies 

1. SPR biosensor (BIAcore X system). 

2. Carboxymethylated dextran chips CM5 (BIAcore). 

3. Pre-adsorbed patients' sera (from Subheading 3.2.2.). 

4. Parental (target) and variant MAbs. 

5. Af-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), from the 
BIAcore amine coupling kit. 

6. Af-hydroxysuccinimide (NHS), from the BIAcore amine coupling kit. 

7. 10 mM sodium acetate buffer, pH 5.0. 

8. 1 M ethanolamine, pH 8.5. 

9. Rabbit gamma globulin or bovine serum albumin (BSA). 

10. Running buffer: 10 mM [2 hydroxyethyl] piperazine N' [2-ethanesulfonic acid] 
(HEPES), pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% Tween 20. 

11. 10 mM glycine, pH 2.0. 

3. Methods 

3. 1. Antibody Humanization by SDR Grafting 

3. 1. 1. Choosing the Human Template and Identification 
of Framework Residues Crucial for Antigen Binding 

Both the SDR- and CDR-grafting procedures require selection of the most 
appropriate human frameworks to be used as scaffolds. A more detailed discus- 
sion of this topic can be found in Chapter 7; only the relevant features are pre- 
sented here. 

1. Search human immunoglobulin sequences with closest sequence homology with 
the target antibody (see Note 1). The nucleotide or protein databases can be 
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accessed through the web addresses of GenBank (24), EMBL (25), SwissProt (26), 
and PIR (27) (see Note 2). See Chapter 1 for more information on available 
resources for homology searches. 

2. Choose the human framework sequence that shows the highest overall homology or 
highest framework homology with the target antibody sequence; use the highest 
homology sequence as the template (see Notes 3 and 4). 

3. Identify crucial framework residues of the target antibody to be retained (see Note 
5). The crucial framework residues are those that may be involved in Vl-Vh contact 
or interaction with the CDRs. The residues may also be crucial if they are buried 
and affect the overall structure of the combining site. 

4. Using the information obtained from steps 2 and 3, and the procedure described in 
Chapter 7, develop a CDR-grafted humanized antibody. This antibody could be 
used as a control in characterizing the SDR-grafted humanized antibody. The con- 
struct that encodes the CDR-grafted antibody may be needed to carry out muta- 
tional analysis of the CDR residues to check whether they are ligand contact 
residues. 

3. 1.2. Identification of Potential SDRs Using the PDB Database 

1. Using information from the Protein Data Bank (PDB) database (18) of known crys- 
tal structures of antibody-ligand complexes (see Notes 6 and 7), determine which 
residues of the target antibody are involved in ligand contact. These are the poten- 
tial SDRs (see Note 8). 

2. Identify which CDR residues of the target antibody are different from those of the 
human template (see Note 9). 

3. Mark those potential SDRs of the target antibody that are different from those pres- 
ent in the template antibody at the corresponding positions. 

3. 1.3. Designing a Panel of Variants to Validate SDRs 

Since the combining site of an antibody is unique, it is advisable to experimen- 
tally validate whether the CDR residues of the target antibody that are different 
from their counterparts in the template antibody and are designated as potential 
SDRs based on the database search are indeed SDRs. This validation is all the 
more important for those potential SDRs that are found to have a low frequency of 
ligand contact in the database. The most reliable experimental validation is based 
on changing, by mutation, CDR residues of the target antibody to their human 
counterparts and testing the mutant antibodies for their antigen-binding reactivity 
(see Notes 10 and 11). To this end, use the constructs that encode the CDR-grafted 
humanized Vl and Vh regions and carry out mutational analysis as follows: 

1. Using primer-induced mutagenesis, generate a panel of genes that encode variants 
of each of the CDR-grafted Vl and Vh genes. In each of the variants, one or more 
of the murine CDR residues to be validated as an SDR is replaced with its human 
counterpart (see Note 12). 
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2. Develop appropriate expression constructs of the genes that encode the variant anti- 
bodies, and introduce them into mammalian or insect cells. 

3. Test the antigen-binding activity of the panel of variant antibodies by enzyme- 
linked immunosorbent assay (ELISA) and/or competition radioimmunoassay. 

For further details about generating the residue substitution variants, see 
Chapters 6 and 18. 

3. 1.4. Generation and Characterization of SDR-Grafted 
Humanized Antibody 

Once the appropriate human antibody frameworks to be used as scaffolds 
are chosen, the crucial framework residues of the target antibody are identified, 
and the CDR residues that are involved in ligand contact using database and 
experimental validation are identified, proceed to design and generate the final 
variant of the SDR-grafted humanized antibody as follows: 

1. Design the amino acid sequence of the Vl and Vh regions of the SDR-grafted 
humanized antibody, incorporating: 

a. framework sequence of the human template antibody, while retaining the frame- 
work residues of the target antibody that are deemed crucial for antigen binding, 

b. all CDR residues that are identical in the target and the template antibodies, 

c. those CDR residues of the template antibody that are located at the positions 
that are designated as non-SDRs, and 

d. any CDR residues of the target antibody that are identified as SDRs and are dif- 
ferent from their counterparts in the template antibody. 

2. Determine nucleotide sequence from the designed amino acid sequence of each of 
the Vl and Vh regions. 

3. Refine the nucleotide sequence to provide high-frequency usage of codons for the 
efficient expression of the genes in the cell system of choice. 

4. Eliminate any self-annealing regions and any internal restriction endonuclease sites 
that may become troublesome for cloning the gene in the desired vector, using soft- 
ware programs such as mFOLD and MAPSORT (GCG Wisconsin Package; Accel- 
rys, Inc.) 

5. Design alternating long oligonucleotides (Watson and Crick) that encompass the 
entire sequence of the Vl or Vh gene (see Note 13). The alternating oligonu- 
cleotides should have overlapping flanks (~ 17-21 bp long) to facilitate their 
annealing (see Chapter 7 for gene-synthesis protocol). 

6. Anneal the oligonucleotides together, fill in the gaps using Taq DNA polymerase, 
and PCR amplify the entire sequence using appropriate end primers. The end 
primers for PCR amplification should carry, at their flanks, the appropriate restric- 
tion endonuclease recognition sites to facilitate cloning of the construct into a vector. 

7. Clone the PCR product into a cloning vector, and sequence the insert to check the 
fidelity of the PCR product to the sequence of the designed gene. 
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8. Insert the PCR-amplified DNA encoding the Vl or Vh region in the expression cas- 
sette carrying the sequences encoding the respective constant region and the appro- 
priate leader peptides. 

9. Introduce the expression constructs into either mammalian or insect-cell lines. 
Screen the transfectants for the secretion of the antigen-specific antibody by 
ELISA, and purify the antibody from the highest-producing clone. 

10. Evaluate the antigen-binding affinity of the expressed antibodies by competition 
radioimmunoassay or using commercially available biosensors. 

Protocols for the expression of recombinant antibodies (Chapters 14-17), 
their purification (Chapter 22) and affinity measurements (Chapters 23-25) are 
detailed elsewhere in this volume. 

3.2. In Vitro Sera Reactivity 

The most important characterization of the SDR-grafted humanized antibody 
is to evaluate its potential immunogenicity. In vitro reactivity of the humanized 
antibody to the sera from patients injected with the parental antibody is as rea- 
sonable a measure of its immunogenicity as one could get without administering 
it in patients. Sera reactivity of a variant antibody is measured by its ability to 
compete with the parental antibody for binding to the anti-variable region anti- 
bodies that are present in a patient's serum in response to the administered anti- 
body. To that end, use the SPR-based competition assay (35) (see Notes 14 and 
15) described here, using a commercially available Biacore X system. 

3.2. 1. Immobilization of Proteins on Sensor Chips 

Activate the dextran layer of the CM5 sensor chips by injecting 35 tlL of a 
mixture of EDC and NHS, at a flow rate of 5 jjT/min. 

1. Inject the proteins, diluted in 10 mM sodium acetate buffer, pH 5.0 at a concentra- 
tion of 100 Ug/mL, into the flow cells until surfaces of 5,000 resonance units (RUs) 
are obtained. Either the murine antibody or the CDR-grafted humanized antibody 
is injected in flow cell 1, while a reference protein (e.g., rabbit gamma globulin or 
BSA) is injected in flow cell 2. 

2. Block the remaining reactive groups on the surfaces by injecting 35 uL of 1 M 
ethanolamine, pH 8.5. 

3.2.2. Competition Assay 

1. Inject 85 uL of serial dilutions of a patient's serum in running buffer (10 mM 
HEPES, pH 7.4, 150 mMNaCl, 3 mMEDTA, and 0.005% Tween 20) (see Note 16) 
to determine the appropriate dilutions of the serum to be used for the competition 
experiments. 

2. For each dilution, let the mobile sample flow across both cells at 5 uL/min and 
measure the binding at 25°C until the total volume is applied (see Note 17). The 
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difference between the binding signals generated by the two surfaces corresponds 
to the specific binding of the serum anti-variable region antibodies to the parental 
antibody immobilized on the sensor chip. 

3. Regenerate the surfaces using a 1 min injection of 10 mM glycine, pH 2.0, before 
injecting the next serum dilution. Repeat steps 2 and 3 until the binding of all sam- 
ples has been measured. 

4. Plot the response differences between flow cells 1 and 2 as a function of time for 
each dilution and use the serum dilution that generates a response difference of 
optimum resonance (250-400 RU) for the competition experiment. 

5. By repeating steps 1-3, described previously, measure the binding of serum anti- 
variable region antibodies to the immobilized parental antibody (e.g., protein A) 
using the appropriate dilution of serum prior to, and after equilibration with differ- 
ent concentrations of the competitor antibodies (e.g., proteins A and B) as the 
mobile reactant. The binding of a competitor to the serum anti- variable region anti- 
bodies results in a decreased binding signal compared to the signal generated by the 
binding of serum alone (without competitor) to the immobilized parental antibody 
(see Note 18). 

3.2.3. Analysis of the Sera Reactivity Data 

1. Determine the slopes of the response difference curves of the competition of pro- 
tein A and protein B for binding of serum anti-variable region antibodies to immo- 
bilized protein A; the slope is measured for a defined and narrow range of 
time — e.g., between 800 and 1,000 s. 

2. Calculate the percentage of binding at a certain concentration of the competitor as 
% binding = [(slope of the signal obtained at a certain concentration of competitor) 
/ (slope of the signal obtained without competitor)] x 100. Fig. 1 shows hypotheti- 
cal binding sensorgrams of the anti-variable region antibodies to the immobilized 
parental antibody using serum alone or after its equilibration with increasing con- 
centrations of the competitor proteins A and B. 

3. Plot the percent binding vs the competitor concentration to yield the competition 
profile of the antibody. Fig. 2 shows the competition profiles of A and B from the 
sensorgrams shown in Fig. 1. 

4. Calculate the IC50 for each antibody, the concentration required for 50% inhibition 
of the binding of the serum to the immoblized parental antibody. In the example 
given here, the IC50 values calculated from the curves for competitors A and B are 
8 nm and 23 nm, respectively. This corresponds to a threefold lower serum reactiv- 
ity for B relative to A. 

4. Notes 

1. Another approach that has been used for the selection of human frameworks is 
based on the strategy that relies on the known X-ray structures of templates (20,21). 
This involves searching the Protein Data Bank (PDB) database to identify the 
human antibody structure that shows the closest overall identity to the antibody to 
be humanized (22,23). 
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Fig. 1 . Difference sensorgrams showing the competition of protein A (Panel A) and 
protein B (Panel B) for binding of the serum to immobilized parental antibody. Differ- 
ent concentrations of the competitors (as indicated) are equilibrated with the serum 
before they are injected into the sensor chip to generate the binding signals. 



2. The nucleotide and protein databases can be accessed through their web addresses: 
GenBank via the NCBI homepage, http://www.ncbi.nlm.nih.gov (24); EMBL via 
http://www.ebi.ac.uk/embl/ (25); SWISS-PROT via http://www.expasy.ch/sprot/; and 
http://www.ebi.ac.uk/swissprot/ (26); and PIR via http://pir.georgetown.edu/ (27). 

3. It has been suggested that restricting the choice of the human templates to the 
germline sequences precludes the potential immunogenicity of the residues that are 
generated as a result of somatic mutations (28,29). 

4. Frameworks of two different human antibodies could be used as templates for the 
humanization of the Vl and Vh domains of the target antibody (9). 
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Fig. 2. Competition profiles of proteins A (open triangle) and B (open square) for 
binding of patient's serum to immobilized parental antibody. Increasing concentrations 
of the competitors A and B are used to compete with the patient's serum for binding to 
the parental antibody immobilized on the sensor chip. The percent binding at a certain 
concentration of the competitor was calculated relative to that of serum alone from the 
sensorgrams shown in Fig. 1, and plotted as a function of competitor concentration. 



Crucial framework residues may be identified if a 3D structure of the antigen-bind- 
ing region, based on X-ray crystallography, is available. Alternatively, molecular 
modeling or experimental strategies, such as studying the effect of site-specific 
mutations (30,31) on ligand-binding activity, may be employed. An examination of 
the known structures of the antigen-antibody complexes of the closely related mol- 
ecules may also help identify the crucial framework residues of the target antibody 
(17) (see Chapter 7). 

When the 3D structure of the antigen-antibody complex, based on X-ray crystallo- 
graphic studies, is known, the residues of the combining site that are directly 
involved in ligand contact can be identified directly without database search. 
Tables 1 and 2 are based on the updated search of the database showing the Vl and 
Vh residues that are in contact with the ligand in murine antibody-ligand com- 
plexes of known 3D structures. 

Unfortunately, the database does not always help in reaching a definite conclusion 
to designate some CDR residues of the target antibody as ligand-contact residues. 
There is no cut-off number (in terms of the frequency of ligand contact) to use in 
making this judgment. Even when the high frequency of ligand contact in the data- 
base is compelling evidence to designate a certain residue as an SDR, the choice is 
not always infallible. 

Table 3 illustrates, using MAb CC49 as an example, the CDR residues that are 
denoted as potential SDRs, and the CDR residues of the target antibody that are dif- 
ferent from those of the templates at the corresponding positions. Residue positions 
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The amino acid residues which contact the ligand are identified by the one-letter code. Capital letters are used when the contact involves the side chains 
whereas small letters are used when only main chain atoms are involved in the interaction. Dots represent residues that are not in contact with the ligand 
and dashes indicate missing residues at the indicated positions. 
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The amino acid residues which contact the ligand are identified by the one-letter code. Capital letters are used when the contact involves the side chains 
whereas small letters are used when only main chain atoms are involved in the interaction. Dots represent residues that are not in contact with the ligand 
and dashes indicate missing residues at the indicated positions. 
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Table 3 

CDR Sequences of Murine MAb CC49 and Human Template MAbs LEN 

and 21/28'CL 3 

Light chain 

CDR1 24 25 26 27 a b c d b e f 28 29 30 31 32 33 34 

CC49 Lys Ser Ser Gin Ser Leu Leu Tyr Ser Gly Asn Gin Lys Asn Tyr Leu Ala 

LEN Lys Ser Ser Gin Ser Val c Leu Tyr Ser Ser Asn Ser Lys Asn Tyr Leu Ala 

CDR2 50 51 52 53 54 55 56 

CC49 Trp Ala Ser Ala Arg Glu Ser 

LEN Trp Ala Ser Thr Arg Glu Ser 

CDR3 89 90 91 92 93 94 95 96 97 

CC49 Gin Gin Tyr Tyr Ser Tyr Pro Leu Thr 

LEN Gin Gin Tyr Tyr Ser Thr Pro Tyr Ser 

Heavy chain 

CDR1 31 32 33 34 35 

CC49 Asp His Ala He His 

21/28'CL Ser Tyr Ala Met His 

CDR2 50 51 52 a 53 54 55 56 57 58 59 60 61 62 63 64 65 

CC49 Tyr Phe Ser Pro Gly Asn Asp Asp Phe Lys Tyr Asn Glu Arg Phe Lys Gly 

21/28'CL Trp He Asn Ala Gly Asn Gly Asn Thr Lys Tyr Ser Gin Lys Phe Gin Gly 

CDR3 95 96 97 98 99 100 a b 101 102 

CC49 Ser Leu Asn Met Ala Tyr 

21/28'CL Gly Gly Tyr Tyr Gly Ser Gly Ser Asn Tyr 

Source: Ref. 14. 

a Amino acid residues are numbered according to Kabat et al. (39). 

b Residue positions shown in bold denote the specificity-determining residues (SDRs) (18). 

c Residues of human MAbs LEN and 21/28'CL shown in bold indicate differences among 
MAb CC49 residues at the corresponding positions (19). 



shown in bold denote the SDRs identified by the PDB database search (18) of 
known crystal structures of antibody ligand complexes. Residues of the human 
antibodies MAb LEN and 21/28'CL shown in bold indicate those template anti- 
body residues that are different from the residues of the target antibody at the cor- 
responding positions. 

10. A conservative approach to developing an SDR-grafted humanized antibody would 
entail replacing, with the corresponding human residues, only those CDR residues 
that are found not to be interacting with the ligand in any of the complexes in the 
database. This approach does not require experimental validation of the SDRs. 

11. Another conservative approach to humanize an antibody, which precludes experi- 
mental validation of SDRs, is to graft "abbreviated CDRs," the cluster of CDR 
residues that contain all the SDRs, of the target antibody onto the frameworks of 
the human template (18,32). 

12. Primer-induced mutagenesis may be carried out by a two-step PCR method (33). 
For the first step of the PCR, a mutagenic primer is used as a 3' primer, and a 20- 
nucleotide long primer is used as a 5' primer. The product of the first PCR is gel- 
purified and used as a 5' primer for the second PCR in which an appropriate primer 
was used as a 3' primer (see Chapter 18 for protocol). 
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13. We have routinely used 121- to 126-bp-long oligonucleotides. 

14. An HPLC-based competition assay (19) may also be used to compare the sera reac- 
tivity of a variant to its parental antibody. Essentially, the assay measures the abil- 
ity of the variant to inhibit complex formation between the radiolabeled parental 
antibody and anti-variable region antibodies in the patient's serum, preadsorbed to 
remove any circulating antigen and anti-Fc antibodies. Complex formation is deter- 
mined by an alteration of the retention time of the radiolabeled parental antibody 
after it has been incubated with the patient's serum before subjecting it to size- 
exclusion HPLC. When a cold competitor (parental or variant antibody) is also 
included with the serum and radiolabeled parental antibody in the incubation mix- 
ture, the complex formation is not inhibited, partially inhibited, or completely 
inhibited depending on the degree of reactivity of the competitor to the anti-vari- 
able region antibodies in the patient's serum. 

15. Sera reactivity of a variant to its parental antibody may be further compared by a 
competition assay dubbed as double-antigen (DAB) assay (34). To carry out the 
assay, the plates are coated with the parental antibody to be used as the solid-phase 
catcher antibody. Serial dilutions of the patient's serum containing anti-variable 
region antibodies are added to the wells of the plate. After a 24-h incubation, radi- 
olabeled variant or radiolabeled parental antibody is added. After proper incubation 
and washing, the bound radioactivity is determined. A comparison of the bound 
radiolabeled variant to that of the bound radiolabeled parental antibody provides a 
comparison of their sera reactivity. 

16. Sera from patients who received the parental antibody in a clinical trial contain 
anti-Fc antibodies and often circulating antigen, which might interfere with the 
binding of the parental antibody and its variants to the anti- variable region antibod- 
ies present in sera. To overcome this difficulty, the circulating antigen and the anti- 
Fc antibodies should be removed from the sera by immunoadsorption prior to 
checking the sera reactivity of the parental antibody and its variants. The proce- 
dure, which has been previously described in detail (14,19), involves pre-adsorp- 
tion of serum using an antibody that reacts with an epitope of the antigen that is 
distinct from the one recognized by the parental antibody and matches its isotype. 
This antibody is coupled to Reacti-gel HW65F (36) and the serum is added to an 
equivalent volume of the antibody-coupled gel (wet-packed volume). After 
overnight incubation at 4°C with end-over-end rotation, the samples are cen- 
trifuged at l,000g for 5 min, and the supernatant is saved and stored at -20°C. 

17. When using small sample volumes, one could take advantage of a recently devel- 
oped sample application technique (37) in which the microfluidics control of the 
instrument is replaced by an externally installed computer-controlled syringe pump 
with stepping motor (model 402 from Gilson, Inc.). A tubing is inserted into the 
open port of the connector block in order to serve as an inlet port, through which 
the sample can be aspirated; the port previously designated as running buffer inlet 
is now connected to the syringe pump (37,38). Using this new injection technique, 
only 5-20 |0T of sample is required (35). The microfluidics system is rinsed and 
filled with running buffer. This is followed by sequential aspiration of 2 \\L of air, 
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0.3 uX of sample (serum ± antibody as competitors), 2 |iL of air, 5-6 |iL of sample, 
2 [iL of air, 0.3 |iL of sample, and 2 |xL of air into the inlet tubing at a rate of 20 
|lL/min. The sample is centered across the sensor surfaces, and an oscillatory flow 
is applied at a rate of 20 |iL/min. This flow ensures efficient mass transfer of the 
sample to the surface and allows for a very long contact time without net displace- 
ment of the sample. After measuring the binding for 1,000 s, the unbound samples 
are removed from the surfaces by washing with running buffer using a flow rate of 
100 |lL/min, and the surfaces are regenerated. 
18. As a control, human IgG may be used as a competitor, which should have no effect 
on the binding of sera anti-variable region antibodies to the immobilized parental 
antibody. 
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Antibody Purification by Column Chromatography 
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1. Introduction 

The provision of an antibody or antibody fragment for use as an immunolog- 
ical reagent necessitates — at the very least — partial, but preferably total, purifi- 
cation of that antibody or antibody fragment from its source fluid. Numerous 
methods exist for this process, all designed to separate contaminating proteins 
from the antibody of interest. The majority of these methods utilize column 
chromatography of one form or another (as expanded upon here) and therefore 
require some form of preliminary step in order to eliminate particulate matter 
(such as cell debris) from the feed-stock. This is often achieved by centrifuga- 
tion, ultrafiltration, or ammonium sulfate precipitation. 

1. 1. Gel Filtration 

With regard to the purification of antibodies, gel filtration is most effective as a 
simple but effective desalting step, and as such is often used after ion exchange, 
hydrophobic interaction, or affinity chromatography to reconstitute the antibody in 
the storage buffer of choice. This relatively crude purification modality relies on 
size-dependent separation of molecules, and is achieved by passing the solution to 
be resolved through a column packed with an essentially inert chromatographic 
matrix. In essence, the smaller the molecule, the further into the matrix it is able to 
diffuse, and the more convoluted its passage through the column. Therefore, large 
molecules elute from the column first, followed in ever-decreasing size, by smaller 
molecules. Gels manufactured for this purpose come in a range of pore sizes, 
allowing separation of molecules over several ranges of molecular size. 

1.2. Hydrophobic Interaction 

Hydrophobic-interaction chromatography can be used directly after ammo- 
nium sulfate precipitation. Separation is determined by the relative hydrophobic - 
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ities of the proteins that are present in the solution. The chromatographic matrix 
used has a hydrophobic surface that is capable of interacting reversibly with pro- 
teins, depending on the particular environment induced by the chromatographic 
buffer. Samples are applied in a buffer of high ionic strength, and eluted using a 
stepwise or continuous gradient of any one — or a combination of — decreasing 
salt concentration, pH, chaotropic agents, or decreasing polarity. 

1.3. Ion Exchange 

It is possible to use this method for either negative purification — in which 
contaminants bind to the matrix while the antibody passes through — or the 
opposing positive format, in which the antibody interacts with the matrix and 
contaminants are allowed to flow through. Separation by ion exchange is depen- 
dent on charge and is aided by the ability to alter the overall charge of a protein 
by adjusting the pH of its environment. If the pH of the antibody-containing 
solution is above the pi of the antibody, an overall negative charge will be 
imposed. To induce a positive charge, the pH of the solution is lowered to a level 
below the pi of the antibody. As the net charge increases, so does the strength of 
adsorption to the matrix. Two types of matrix are available for ion exchange — 
one that enables anion exchange, and the other, cation. For antibody purification, 
cation exchange enables positive chromatographic purification when the pH is 
less than the pi. Anion exchange at or about neutral pH is suitable for negative 
purification of antibodies. Elution is normally achieved using a continuous gra- 
dient of salt concentration or pH. The shallower the gradient, the longer the col- 
umn required to achieve separation. Purity of the final product is not guaranteed 
to be absolute, as proteins with similar pi may be co-purified. 

1.4. Affinity Purification Techniques 

Purification by affinity interactions is used to positively purify molecules 
against a specific ligand or binding agent, and can be conveniently applied to the 
purification of antibodies and antibody fragments. Affinity columns can be pur- 
chased for common purifications — for instance, when the binding agent is an 
anti-mouse antibody that is capable of purifying any mouse antibody from solu- 
tion. Alternatively, activated chromatography matrices can be purchased to which 
more specific binding agents can be permanently bound using simple chemistries. 

Common binding agents on "off the shelf affinity columns for generic anti- 
body purification include Protein A, Protein G, Protein L, anti-species anti- 
body, avidin, and anti-Tag antibody (for the purification of tagged recombinant 
fragments). More specialized binding agents, with affinity for the purification 
of a specific antibody, require immobilization to activated matrices by the 
researcher and include antigen, epitope, mimotope, and other moieties that are 
specific to the paratope of an antibody. 
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The basic principle of affinity chromatography is common to all binding 
agents. The sample is applied to the column in an environment buffered appro- 
priately for the binding of antibody to occur. Non-binding contaminants are rig- 
orously washed from the column prior to the application of an elution solution, 
leading to the disruption of the antibody complex and allowing antibody to be 
eluted from the column in pure form. In general, the only further purification 
step required is desalting. Application of the eluting solution to the column can 
be conducted by stepwise increments (for instance, when antibodies of differing 
affinities for the binding agent are to be purified from the same starting material), 
by a single step (when a monoclonal antibody [MAb] is being purified) or by a 
continuous gradient (when the least harsh disruption conditions are required). A 
final desalting step, such as gel filtration, is then performed in order to return the 
antibody to a suitably buffered state for downstream applications. 

Protein A and G columns are suitable for whole IgG antibodies, and protein 
L columns may be used for the purification of antibodies and fragments con- 
taining kappa light chains. Furthermore, protein L does not bind goat, sheep, or 
bovine antibodies, and can therefore be used to purify MAbs from media sup- 
plemented with bovine or fetal calf serum (FCS). Elution is achieved by alter- 
ing the pH or chao tropic agents. 

The purification of genetically engineered antibody fragments can be facilitated 
by the addition of specifically designed "tags" created by gene fusions. Many of 
these tags have been developed, and are often marketed with the appropriate affin- 
ity matrix or column. Examples of tag/binding agent pairings are: 

1. E-Tag/anti-E-Tag system (Amersham Biosciences), in which the tag is an epitope 
and the binding agent is an antibody to that epitope; 

2. Hexahistidine tag (Invitrogen, Qiagen and Novagen), in which the binding system 
is immobilized metal affinity chromatography (IMAC) (such as HiTrap Chelating 
matrix from Amersham Biosciences, Probond resin from Invitrogen and Ni-NTA 
resin from Qiagen); 

3. Biotinylation tag (PinPoint; Promega) in which the tag is an in vivo biotinylated 
peptide and the binding agent is avidin or an avidin derivative. 

Antibody purification by immobilized anti-species antibody can be per- 
formed — for instance, enabling murine antibodies to be purified from spent 
hybridoma-culture supernatant. In this example, anti-mouse antibodies would 
act as the immobilized binding agent, extracting murine antibodies from solu- 
tion. Elution would be achieved by a step or continuous gradient of either 
chaotropic agents or pH. 

Finally, antigen, epitope, or mimotope affinity purification can be achieved 
by immobilizing the specific antigen, epitope, or mimotope onto a column 
matrix and using this to capture antibody from the feedstock (spent hybridoma- 
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culture supernatant; diluted sera; culture broth). When epitopes are known and 
are linear in nature, preference should be given, if possible, to the use of epitope 
or mimotope rather than whole molecule antigen, as these smaller molecules 
appear to demonstrate a lowered matrix degeneration rate on repeated usage. 
Elution is achieved by a step or continuous gradient of either chaotropic agents 
or pH. These particular purification mechanisms effectively purify and concen- 
trate the desired antibody from other contaminating proteins. Furthermore, by 
using a purification modality that requires antibody/antigen interaction, the 
resulting antibody preparation will be of high specific activity, because the 
process has removed, as a contaminant, any inactive antibody. 

In the authors' opinion, affinity and ion-exchange purification techniques are 
the most effective methods for purification of antibody from biological feed- 
stocks because they offer the best properties in terms of ease, robustness, scale, 
and quality of the final product. General methodologies based on these two 
techniques are described in the following section. 

2. Materials 

All buffers for column chromatography should be filtered (0.45 |Jm) and 
preferably de-gassed (by sonication or vacuum suction), especially if purifica- 
tion is to be carried out at room temperature. 

2. 1. Purification of Monoclonal Antibody (MAb) 
by Positive Ion-Exchange Chromatography 

1. Express-Ion Mini Columns (Whatman), or other method scouting columns (see 
Note 1). 

2. Equilibration/binding buffer: e.g., 0.1 M sodium phosphate buffer or 0.1 M sodium 
acetate buffer (see Note 2). 

3. Elution buffers: 0. 1-0.5 M NaCl, 0. 1 to 0.5 M in 0. 1 M steps made up in equilibra- 
tion buffer. 

4. Express-Ion S (Whatman) or other cation-exchange matrix (see Note 3). 

5. 0.1 M phosphate-buffered saline (PBS), pH 7.4: 1.34 g Na 2 HP0 4 .2H 2 0, 0.39 g 
NaH 2 P0 4 and 8.5 g NaCl made up to 1 L with distilled water. 

6. Desalting column containing Sephadex G25 — e.g., PD10 column (Amersham Bio- 
sciences) or dialysis device. 

7. Syringes. 

8. Peristaltic pump, associated tubings, and valves. 

9. Automated liquid chromatography system — e.g., fast protein liquid chromatograph 
(FPLC) or AKTA (Amersham Biosciences). 

2.2. Purification of MAb by Peptide Epitope-Affinity 
Chroma tography 

1. Guard column containing Sepharose 4B (Amersham Biosciences). 

2. Peptide epitope affinity column (see Note 4). 
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3. Equilibration buffer: PBS containing 0.02% (w/v) sodium azide. 

4. Wash buffer: 0.5 M NaCl, pH 7.4 in distilled water. 

5. Elution buffer: 3 M sodium thiocyanate, pH 7.4 in distilled water. 

6. Desalting column containing Sephadex G25 — e.g., PD10 column (Amersham Bio- 
sciences) or dialysis device. 

7. Automated liquid chromatography system — e.g., FPLC or AKTA (Amersham Bio- 
sciences). 

2.3. Purification of MAbs by Protein A Affinity Chromatography 

1. HiTrap Protein A HP columns, 1 or 5 mL (Binding capacity = 20 mg human 
IgG/mL of drained gel matrix; Amersham Biosciences). 

2. Binding buffer: 20 mM sodium phosphate buffer, pH 7.0 (12.2 mM Na 2 HP0 4 , 7.8 
mM NaH 2 P04 in distilled water). 

3. Elution buffer: 100 mM citric acid buffer, pH 3.0 (82 mM citric acid, 18 mM 
trisodium citrate in distilled water). 

4. lMTris-HCl, pH 8.0. 

5. Desalting column containing Sephadex G25 — e.g., PD10 column (Amersham Bio- 
sciences) or dialysis device. 

6. Peristaltic pump, associated tubings, and valves. 

7. Automated liquid chromatography system — e.g., FPLC or AKTA (Amersham Bio- 
sciences). 

2.4. Purification of Recombinant Antibody Fragments by MAC 

1. HiTrap Chelating HP column, 5 mL (binding capacity =12 mg His-tagged pro- 
tein/mL of gel; Amersham Biosciences). 

2. Metal buffer: 0.2 M NiS0 4 /ZnS0 4 /CuS0 4 in distilled water (see Note 5). 

3. Binding buffer: 20 mM sodium phosphate buffer, 500 mM NaCl, 0.5% (v/v) Tween 
20, pH 7.5. 

4. Elution buffer: 20 mM sodium phosphate buffer, 500 mM NaCl, pH 7.5, 0.5% (v/v) 
Tween 20, 500 mM imidazole, pH 7.5. 

5. Dialysis equipment. 

6. Automated liquid chromatography system, e.g., FPLC or AKTA (Amersham Bio- 
sciences). 

3. Methods 

3. 1. Purification of MAbs by Positive Ion-Exchange 
Chroma tography 

3. 1. 1. Method Scouting 

1. Equilibrate an Express-Ion S mini column with 5 mL of 0.1 M sodium acetate 
buffer pH 5.0 (see Note 2) at approx 0.5 mL/min using a syringe. 

2. Apply a 1-mL aliquot of preferably (see Note 6) purified antibody (200 |lg/mL in 
sodium phosphate buffer, pH 7.0) at approx 0.5 mL/min. Collect eluate for analysis 
(step 5). 
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3. Wash the column with 10 mL of 0.1M sodium phosphate buffer, pH 7.0 at approx 
0.5 mL/min. Collect eluate for analysis (step 5). 

4. Elute bound material with a range of elution buffers (1 mL). Begin with 0.1 M 
NaCl and increase the concentration sequentially through to 0.5 M NaCl. Collect 1- 
mL fractions throughout for analysis (step 5). 

5. Analyze loading, washing, and elution samples for antibody content (see Note 6) 
and calculate the percentage recovery of antibody. 

6. Repeat steps 1-5 with the other equilibration buffers to determine the optimal bind- 
ing conditions. 

3. 1.2. Laboratory-Scale Purification 

1. Equilibrate approx 25 mL of Express-Ion S matrix (or other cation-exchange 
matrix) with the most appropriate buffer as determined from method scouting stud- 
ies (Subheading 3.1.1.) for 30 min at room temperature and pack matrix into a col- 
umn with 1.6-cm internal diameter. 

2. Adjust the pH of the pretreated antibody feed-stock (see Note 7) to match that of 
the equilibration buffer and apply to the column at a rate of 5 mL/min. 

3. Wash the column with 250 mL of equilibration buffer. 

4. Elute bound antibody with a step or linear gradient from to 0.5 M NaCl in equili- 
bration buffer (see Note 8). Pool fractions containing the purified antibody accord- 
ing to the peak of absorbance at 280 nm on the UV trace (see Note 9). 

5. Buffer-exchange the purified antibody into a suitable storage buffer such as PBS, 
pH 7.4 using a desalting column or by dialysis. 

3.2. Purification of MAbs by Epitope- Affinity Chromatography 

1. Purge the chromatography system (Fig. 1) of air and prime with equilibration 
buffer. 

2. Connect the guard column in series before the peptide epitope affinity column and 
equilibrate the system with at least ten column volumes (see Note 10) of equilibra- 
tion buffer at 0.5 mL/min (see Note 8). 

3. Load the pretreated antibody feedstock (see Note 7) onto the system at 0.5 mL/min 
(see Note 11). 

4. Wash the chromatography system with equilibration buffer until the UV trace at 
280 nm returns to baseline, then wash with an additional three column volumes. 

5. Optional: In order to remove material that is bound non-specifically to the affinity 
matrix, the column may be washed with 0.5 M NaCl until the UV trace returns to 
baseline. 

6. Connect the G25 desalting column in series after the affinity column and desorb the 
antibody from the matrix by the application of 5-10 column volumes of elution 
buffer. The chaotrope will be immediately separated from the purified antibody by 
gel filtration as the eluate passes down the desalting column. 

7. Pool fractions containing the purified antibody according to the peak of absorbance 
at 280 nm on the UV trace (see Note 9). 
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Fig. 1. Diagrammatic representation of a liquid chromatography system suitable 
for the purification of antibodies from biological feed-stocks such as hybridoma super- 
natant using peptide epitope-affinity chromatography. 



3.3. Purification of IgG Antibodies by Protein A Affinity 
Chroma tography 

1 . Equilibrate a HiTrap Protein A HP column with ten column volumes of binding 
buffer at a flow rate of 1 mL/min using a peristaltic pump. 

2. Load pretreated {see Note 7) antibody feed-stock onto the column at 1-2 mL/min. 
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3. Transfer the column assembly to an automated liquid chromatography system and 
wash column by passing 20 column volumes of binding buffer at 1 mL/min, until 
the UV trace at 280 nm returns to the baseline. 

4. Elute bound IgG antibodies by passing five column volumes of elution buffer at 1 
mL/min. Collect 0.5-mL eluted fractions in tubes containing 0.5 mL Tris-HCl, pH 
8.0, to neutralize the eluted antibody. 

5. Pool fractions containing the purified antibody according to the peak of absorbance 
at 280 nm on the UV trace. 

6. Buffer-exchange the purified antibody into a suitable storage buffer such as PBS, 
pH 7.4 using a desalting column or by dialysis. 

3.4. Purification of Recombinant Antibody Fragments by IMAC 

1. Resuspend E. coli cell pellet in 1/10 culture volume of binding buffer (see Note 12 
and 13), and lyse cells using sonication or French press. Clarify soluble cytoplas- 
mic extract by centrifugation at 30,000g for 30 min (see Note 14). 

2. Connect a HiTrap Chelating column to the automated liquid chromatography sys- 
tem. Wash column with ten column volumes of distilled water at 2.5 mL/min. 

3. Load 5 mL of the chosen metal solution onto column at 1 mL/min, and wash with 
ten column volumes of distilled water at 2.5 mL/min. 

4. Equilibrate the column in ten column volumes of binding buffer at 2.5 mL/min. 

5. Load clarified cell extract onto the column using the injection loop, or superloop 
for larger volumes, at 1 mL/min. 

6. Wash with binding buffer at 2.5 mL/min until the UV trace at 280 nm returns to the 
baseline. 

7. Elute protein using either a gradient (e.g., 0-100% elution buffer over 30 min) or 
step elution (e.g., 5% elution buffer, followed by 50%, then 100%) at 1 mL/min 
(see Note 15). 

8. Pool fractions and dialyze in the chosen buffer — e.g. 20 mM sodium phosphate, pH 
7.5 (see Note 16). 

4. Notes 

1. Method scouting columns are small, prepacked columns that allow the optimal 
buffer conditions for binding and elution to be defined before moving on to labora- 
tory-scale purification (1). 

2. Buffers with a range of pHs such as phosphate buffer (pH 5.8-7.0) and sodium acetate 
buffer (pH 5.0-5.8) can be chosen. The authors have found that sodium acetate buffer 
pH 5.0 is effective for the purification of a murine IgG3 from hybridoma supernatant. 

3. Antibodies have been reported to have isoelectric points within the range of 6.0-8.0 
(2). If a cation-exchange matrix is used and the pH of the separation system is 
lower than the pi, antibodies would be adsorbed on the column (a positive chro- 
matographic step). Alternatively, the contaminating proteins with acidic isoelectric 
points such as albumin can be adsorbed to an anion-exchange matrix and at pH 7.0, 
the antibody is allowed to pass unretained through the column (a negative chro- 
matographic step). 
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4. Peptide epitope-affinity matrices are prepared and columns are packed according to 
the manufacturer's instructions. The authors have found that cyanogen bromide- 
activated Sepharose (Amersham Biosciences) is a robust matrix for immobilization 
of peptide ligands. However, matrices with other activation chemistries are avail- 
able, and may be more appropriate for individual applications. 

5. It is advisable to perform small-scale experiments using different metal ions on the 
column. Metal leaching and specificity of the metal for the hexahistidine tail usu- 
ally follows the pattern of Ni 2+ >Cu 2+ >Zn 2+ for leaching and Ni 2+ <Cu 2+ <Zn 2+ for 
affinity. 

6. Analysis of fractions for antibody content is straightforward if purified antibody is 
used for method scouting studies, since it can be achieved by measuring the 
absorbance of the sample at 280 nm against the appropriate buffer blank. If impure 
sources of antibody such as tissue-culture supernatant are used, an alternative 
method for comparing antibody content in fractions, such as ELISA, must be used. 

7. Pretreatment of antibody feedstocks such as hybridoma supernatant or serum usu- 
ally takes the form of removal of particulate matter — e.g., cellular debris, and is 
achieved by centrifugation (4,800g for 1 h) and ultrafiltration (0.45 jam). 

8. Peristaltic pumps and suitable valves are adequate for low-pressure liquid chro- 
matography; however, the use of an automated system such as FPLC or the AKTA 
system allows stricter control over the run conditions including the generation of 
gradients for elution, as well as facilitating data analysis. 

9. Protein-containing fractions are detected using a flow cell with 280-nm filters 
attached to a UV monitor. However, NaSCN also absorbs strongly at 280 nm, but 
this will elute from the desalting column much later because it is retarded, while 
antibody elutes in the void volume. 

10. The guard column is used to prevent particulates from blocking the flow of the 
affinity column. Column volume refers to the packed volume of the peptide epi- 
tope-affinity column. 

11. The amount of antibody that binds to an affinity ligand (i.e., recovery) is a function 
of its concentration in the feed-stock, affinity for the ligand, and time in contact 
with the ligand. Reducing the flow rate may increase the latter. 

12. Reducing agents such as dithiothreitol (DTT) are incompatible with IMAC. If 
reducing agents are necessary, use 1-5 mM (3-mercaptoethanol. 

13. These protocols are designed for the purification of soluble antibody fragments, 
either exported out of the cell, prepared from periplasmic extracts, or expressed in 
the cytoplasm. It is common to incorporate EDTA into buffers when preparing 
periplasmic extracts (and cytoplasmic extracts). Obviously, this must be removed 
either by dialysis or buffer exchange on a PD-10 column (Amersham Biosciences) 
before application to the metal affinity column. 

14. In some cases, antibody expression will lead to large, insoluble aggregates forming 
within the cells. These inclusion bodies often contain large amounts of pure pro- 
tein. These can be dissolved in 8 M urea or 6 M guanidine hydrochloride and puri- 
fied in the denatured state using IMAC. In this case, the chosen denaturant (usually 
urea because of cost) must be included in the binding buffer. The protein can be 
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eluted from the column in the denatured state (and thus also add denaturant to elu- 
tion buffer) for refolding, or a gradual reduction of denaturant can be performed 
while the protein is still bound to the column, and eluted afterwards (called matrix- 
assisted or on-column refolding) (3). 

15. When performing initial experiments for determining chromatographic behavior of 
the His-tagged protein, it is advisable to use gradient elutions. Once the concentra- 
tion of imidazole required to successfully separate contaminants from the His- 
tagged protein is known, a step elution can be used. Most expression vectors allow 
N-terminal or C-terminal tagging of the protein of interest. In some cases, a partic- 
ular orientation is more favorable because of potential problems arising either in 
purification or activity evaluations. Also note that imidazole absorbs at 280 nm; a 
0.5 M solution has an absorbance of approx 0.5 AU. 

16. At this stage, the protein is usually of 95% or greater purity, which can be sufficient 
for biochemical or immunological studies. However, higher purity is often 
required — e.g., for crystallography, and thus, a further gel-filtration chromatogra- 
phy step is required. 
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Affinity Measurement Using Surface 
Plasmon Resonance 

Robert Karlsson and Anita Larsson 



1. Introduction 

The change in free energy for a reaction, AG, can be determined from the 
dissociation affinity constant, Kc since AG is equal to RTln^- The affinity 
constant provides no information on the rate of the reaction or the energy 
required to reach the transition state of the reaction (Fig. 1). 

The affinity constant is usually determined from titration experiments in 
which the concentration of reactants or products at equilibrium is measured. 
Numerous techniques (1,2), including radioimmunoassay (RIA), enzyme- 
linked immunosorbent assay (ELISA), chromatography, and isothermal titra- 
tion calorimetry, can be used to estimate or determine the affinity constant of a 
reaction. With a direct technique, the molecular interaction can be monitored 
without the use of labels, whereas for an indirect technique a label such as a 
radioactive tag, an enzyme, or a fluorophore is necessary. Surface plasmon res- 
onance (SPR) (3) is a direct technique. It allows the analysis of interactions 
between analytes in solution and a ligand attached to a sensor chip surface, 
providing a continuous readout of complex formation and dissociation. In prin- 
ciple, the signal is directly proportional to the increase in molecular mass on 
the sensor surface (4). SPR technology can thus be generally applied to affinity 
and kinetic analysis of protein-protein, protein-pep tide, protein-DNA, and pro- 
tein-small molecule interactions. The information gathered from a few binding 
curves is sufficient for the determination of both the association- and dissocia- 
tion-rate constants, k a and kj, respectively. The affinity, Kd, can then be calcu- 
lated from the ratio between kd and k a . By measuring the interaction over a 
range of temperatures, the kinetic data can be used to determine activation 
(transition state) energies (5,6). 
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Fig. 1. Energy vs reaction coordinates. A = analyte, L = ligand. 



The increasing popularity of SPR biosensors is probably related to the ease 
with which comparisons can be made between the interaction properties of dif- 
ferent analyte molecules and immobilized ligands (7). The search terms "Anti- 
body AND (SPR OR Biacore OR Optical Biosensor)" in PubMed return 541 
references for the period from January 1989 to April 2002. SPR biosensors 
enable the characterization of genetically engineered antibody and antigen con- 
structs (8-19). This is also useful for antibody screening and selection proce- 
dures (20-27) and detailed structure:activity relationship studies (28-31). A 
contributing factor to the utility of SPR biosensors is the wide range of affinity 
and kinetic constants that can be determined. Affinity constants can be deter- 
mined from the millimolar to picomolar range; association-rate constants, from 
10 3 to 10 8 Mr 1 s _1 ; and dissociation-range constants, from 10~ 5 to 1 s _1 (32). 
This chapter provides an introduction to the mechanisms of SPR biosensor 
technology and to interaction kinetics. We describe the basic steps in experi- 
mental design and evaluation of a typical kinetic experiment. Rate and affinity 
constants derived from such experiments can be used later in thermodynamic 
analysis, but this is not described here. 

1. 1. SPR Technology 

Several instrument systems that involve SPR or related evanescent-wave tech- 
niques are commercially available (33). Of these, Biacore systems are by far the 
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Fig. 2. SPR setup. A light source illuminates the back side of the sensor surface. At 
a certain angle of incident light, the electrons in the gold film are excited. At this SPR 
angle, an intensity minimum in the reflected light is observed. The SPR angle is shifted 
when analyte injected in the fiowcell bind to immobilized ligand. The shift in SPR 
angle is proportional to the increase in mass on the sensor surface. 



most widely used. They are the most sensitive instruments available, and can eas- 
ily detect the binding of small molecules with a mol wt of as little as 100 Daltons. 
They are also adapted to kinetic analysis by using a flow system rather than a cuvet 
for sample delivery. The basic outline of a Biacore system is illustrated in Fig. 2. 

Samples are delivered to the sensor surface in Biacore using a micro-fluidic 
system. This ensures reproducible sample delivery and low sample consump- 
tion. Accurate and reproducible sample delivery with immediate switching 
between buffer and sample is essential for reliable kinetic measurements. At a 
high flow rate (>30 uL/min), the transition from 0-100% sample concentration 
is achieved in less than 1 s in the flow system, allowing rapid kinetic processes 
to be detected and measured. The sensor surface is a glass slide coated with a 
thin 50-nm gold film mounted in a plastic carrier. The gold surface is deriva- 
tized to allow simple covalent attachment of molecules using well-defined 
chemistry (34-37). Changes in the refractive index at the sensor surface are 
measured. The sensor surface can be divided into several sensing areas or 
spots, and a signal can be obtained from each spot. In the same injection, a 
sample can therefore pass over both active and reference spots. Before sample 
injection, running buffer is pumped over the surface and a baseline is recorded. 
During sample injection, any change in refractive index is detected. A change 
can either be caused by a binding event or by a difference in refractive index 
between sample solution and running buffer. The signal related to ligand bind- 
ing alone is obtained by subtracting the signal obtained on the reference spot 
from that obtained on the ligand spot (Fig. 3). When the injection is terminated, 
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Fig. 3. (A) Injection of a recombinant camel-antibody fab-fragment over a surface 
immobilized with lysozyme (ligand-surface) and a non-modified surface (reference- 
surface). (B) shows the sensorgram after reference-subtraction. 



running buffer again flows over the surface, and dissociation of the analyte:lig- 
and complex can be observed. The output from the SPR detector is called a sen- 
sorgram, and is a plot of the SPR response vs time. It is generated in real-time, 
and is presented on a computer screen. The SPR response is expressed in reso- 
nance units (RU), where one RU corresponds to 10~ 6 refractive index units. 

SPR technology has many practical advantages: i) detection is instanta- 
neous, allowing continuous real-time monitoring of molecular binding; ii) 
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detection can be localized to individual spots on a sensor surface; iii) no labels 
are required on any of the molecules involved; and iv) the light used in detec- 
tion is reflected from the back of the sensor surface and does not penetrate the 
sample. Analysis can thus be performed on colored, turbid, or opaque samples 
with no interference from absorption or scattering. 

1.2. Interaction Kinetics 

Reaction rates in solution: 

When the two proteins A and B react, the rate of complex, AB formation is 
described by the equation: 

dAB/dt = k a *A*B-k d *AB. (1) 

The concentrations of A, B, and AB are initially A tota i, B tota i, and zero. A, B, 
and AB vary over time and eventually reach their equilibrium values. 

For protein:protein interactions, k a values are normally between 10 3 and 10 9 
M~ l s _1 , and k d values are often greater than 10" 4 s _1 . 

1.3. Reaction Rates and Kinetics in Biacore 

The SPR response in Biacore is directly related to the concentration of 
formed complex. The following equation system (2a-2c) describes the interac- 
tion between injected analyte, A and immobilized ligand, B: 

dA s /dt = f 1/3 * k t * (Cone- A s ) - (£ a *A s *B - fc/AB); initial value A s [0] = (2a) 

dB/dt = - (£ a *A s *B - fc/AB); initial value B[0] = fl max (2b) 

dAB/dt = fc*A s *B - £/AB); initial value AB[0] = (2c) 

Equation 2a describes how the concentration of analyte, A s , close to the sen- 
sor surface varies over time. The analyte is injected at a certain concentration, 
Cone, and is continuously replenished during injection. The concentration in the 
middle of the flow cell is constant over time and equal to the injected concentra- 
tion, Cone. In a laminar flow system such as Biacore, the concentration of ana- 
lyte in close proximity to the sensor surface, A s , can vary over time. Here, the 
concentration is determined by the balance between the reaction rate and the dif- 
fusion of analyte through the unstirred layer of the flow system. By introducing 
a flow-independent transport coefficient, k t and considering the difference 
between the injected concentration and the concentration close to the sensor sur- 
face, f 1/3 */^*(Conc-A s ) as well as the rate of complex formation, & a *A s *B - 
k d *KR, the change in A s as a function of time can be calculated. When A s is sig- 
nificantly lower than Cone, the reaction is said to be "transport limited," and 
binding rates are influenced by transport effects. Note that equilibrium values are 
unaffected by transport effects. The transport coefficient depends on the diffu- 
sion properties of the analyte and on the geometry of the flow cell. When the 
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ratio between k a *R max , and f 1/3 *k t becomes greater than 5, the reaction rate, for 
practical purposes, can be considered fully transport limited. The intrinsic bind- 
ing rate is much faster than the transport of analyte to the surface through the dif- 
fusion layer. The binding curves that arise from these analyses can be used for 
affinity analysis, but the data is not sufficiently reliable for kinetic analysis (32). 
Equation 2b describes how fast the ligand B is consumed by the reaction. The 
saturation response R max reflects the total concentration of immobilized ligand. 
Equation 2c describes the rate of complex formation, and it has the same form 
as the equation describing the interaction in solution (Equation 1). Further 
descriptions of this interaction model can be found in the literature (32, 38-43). 
Note that Equations 2a-2c are valid only when a single interaction site is pre- 
sent on the analyte molecule. When an intact antibody is used as analyte, the 
reaction cannot be described by these equations. 

At this point, antibody valency will be important, since avidity effects have a 
profound effect on the apparent stability of the complex. Avidity effects are 
smaller when the ligand density is reduced, but are difficult to completely elim- 
inate. Therefore, strict evaluation of interaction kinetics, is not always possible, 
although binding curves can be used for ranking purposes. When surfaces with 
low binding capacity (antibody saturation response at 10-50 RU) are used, a 
good approximation of the affinity may be obtained by fitting the data to the 
bivalent analyte model included in Biaevaluation software. 

1.4. Steady-State Values and Affinity 

For interactions in which binding curves reach equilibrium during injection, 
the affinity can be obtained from a plot of the equilibrium response, R eq , vs 
analyte concentration, C. 

Req = C*fl max /(C + K D ) (3) 

To obtain reliable K D values it is important to determine R eq values for con- 
centrations in the range from 0.1*Kd to 10*^. 

2. Materials 

2. 1 Ligand and Analyte 

1. The ligand should be present at 10-100 |lg/mL in immobilization buffer (the com- 
position of the immobilization buffer varies between ligands — see Biacore manual 
for more detail). 

2. The analyte should typically be present in concentrations from 1 vM to 100 \xM in 
running buffer (running buffer varies between experiments — see Biacore manual 
for more details). 

2.2. Amine Coupling 

1. N-hydroxy-succinimide (NHS) (Biacore AB). 
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2. l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Biacore AB). 

3. 1 M ethanolamine-HCl, pH 8.5 (Biacore AB). 

2.3. Surface Thiol Coupling 

2.3. 1. Ligand Modification using PDEA 

1. 2-(2-pyridinyldithio)ethaneamine (PDEA) (Biacore AB). 

2. 0.1 M MES buffer, pH 5.0: dissolve 21.3 g of morpholinoethanesulfonic acid, 
monohydrate in 900 mL of water; adjust the pH to 5.0 with 1 M NaOH, and make 
up to 1 L with water. 

3. EDC. 

2.3.2. Ligand Immobilization on the Chip Surface 

1. NHS. 

2. EDC. 

3. 40 mM cystamine in sodium borate buffer, pH 8.5: dissolve 0.45 g of cystamine 
dihydrochloride and 0.31 g of boric acid in 25 mL of water. Adjust the pH to 8.5 
with 1 M NaOH, and make up to 50 mL with water. Store frozen. 

4. 100 mM dithiothreitol (DTT) or dithioerythritol (DTE) in sodium borate buffer, pH 
8.5: dissolve 0.77 g of DTE or DTT and 0.3 1 g of boric acid in 25 mL of water. Adjust 
the pH to 8.5 with 1 M NaOH and make up to 50 mL with water. Store frozen. 

5. 0.1 M sodium acetate buffer, pH 4.3: add 5.72 mL of acetic acid (98-100% purity) to 
900mLof water. Adjust the pH to 4.3 with 1 M NaOH and make up to 1 Lwith water. 

6. PDEA in 0.1 M sodium acetate buffer, pH 4.3 containing 1 M NaCl: dissolve 1.2 
mg of PDEA and 14 mg of NaCl in 250 |0L of 0. 1 M sodium acetate buffer, pH 4.3. 

2.4. Ligand Thiol Coupling 

1. NHS. 

2. EDC. 

3. 0.1 M sodium borate buffer: dissolve 6.18 mg of boric acid in 900 mL of water. 
Adjust the pH to 8.5 with 1 M NaOH and make up to 1 L with water. 

4. 80 mM PDEA in 0. 1 M sodium borate buffer pH 8.5: dissolve 4.5 mg of PDEA in 
250 |lL of 0.1 M sodium borate buffer. Note: Use within 1 h. 

5. 0.1M sodium formate buffer: add 3.77 mL of formic acid (100% purity) to 900 mL 
of water. Adjust the pH to 4.3 with 1 M NaOH and make up to 1 L with water. 

6. 50 mM cysteine + 1 M NaCl in 0.1 M sodium formate buffer pH 4.3: dissolve 1.5 
mg of cysteine and 14 mg of NaCl in 250 |lL of sodium formate buffer. Note: Use 
within 1 h. 

2.5. Aldehyde Coupling 

1. NHS. 

2. EDC. 

3. 5 mM hydrazine hydroxide or carbohydrazide in water (Note: hydrazine is 
extremely toxic. Carbohydrazide is a less toxic alternative that is equally effective 
for aldehyde coupling). 
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4. 1 M ethanolamine-HCl, pH 8.5. 

5. 0.1 M sodium acetate buffer, pH 4.0: add 5.72 mL of acetic acid (98-100% purity) 
to 900 mL of water. Adjust the pH to 4.0 with 1 M NaOH and make up to 1 L with 
water. 

6. 100 mM sodium cyanoborohydride in 100 mM sodium acetate buffer, pH 4.0. 

3. Methods 

The design of a kinetic experiment starts with the immobilization of the lig- 
and. For a single interaction pair, this involves: i) selection of which molecule 
in the pair to immobilize; ii) selection of immobilization chemistry; iii) selec- 
tion of buffer conditions; iv) assessment of the activity of the immobilized lig- 
and; v) identification of a suitable reference surface; and vi) identification of 
suitable regeneration conditions (if necessary). Sufficient experimental data for 
reliable calculation of k a , kd, Rmax, and k t must be gathered. To achieve this, the 
following experimental parameters should be considered vii) what temperature 
to use; viii) what level(s) of immobilization to use in the kinetic experiment; ix) 
the injection time; x) the dissociation time; xi) what concentrations of analyte 
to use and; xii) what flow rate to use. In addition the experimental design 
should include: xiii) blank injections for elimination of systematic instrument 
variations; xiv) repeated injections of at least one analyte concentration for 
evaluation of any variation in ligand activity over time, and; xv) start up cycles 
to condition the flow system and the sensor surface. All these steps can usually 
be performed within 1 d. 

3. 1. Choice of Ligand vs Analyte 

The choice of which interactant to use as an analyte can be crucial for the 
success of kinetic measurements. If the interactions of several analytes with a 
common ligand are to be compared, it is usually best to immobilize the com- 
mon ligand. This will save time and sensor surfaces, and will enable compar- 
isons (Fig. 4). 

The mol wt of the interactants is an important factor because the response 
obtained from analyte binding is proportional to its mass. When the mol wts of 
the interactants are similar (within a factor 10), the selection of analyte and lig- 
and is less important. If the mol wts of the ligand and analyte differ greatly, 
using the smaller molecule as analyte will reduce the expected response level 
because the changes in mass concentration will be lower. However, it is easier 
to immobilize a macromolecule such as a protein than to derivatize a small 
molecule for immobilization. Purity is another important factor. If the ligand 
preparation contains impurities, these may be immobilized together with the 
ligand when general coupling methods such as amine or thiol coupling are 
used. Impurities in the analyte preparation can affect the accuracy with which 
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Fig. 4. Affinity ranking of twelve affibody variants. Overlay plot of sensorgrams 
obtained for Tag DNA polymerase specific affibodies when injected over a sensor chip 
surface immobilized with Tag DNA polymerase. Reprinted with the kind permission of 
E. Gunneriusson, K. Nord, M. Uhlen, and P-A Nygren, Department of Biotechnology, 
Royal Institute of Technology (KTH) (47). 



the analyte concentration can be determined. This in turn will influence the 
validity of calculated association-rate constants. Partially purified material can 
be used as either ligand or analyte, but impurities can complicate results by 
introducing nonspecific binding. The purity of the interactants is often a com- 
promise between the effort involved in rigorous purification and the level of 
ambition in the kinetic measurements. For careful kinetic measurements, it is 
important that both the ligand and the analyte are as homogeneous as possible. 
Many preparations are by nature heterogeneous — for example, polyclonal anti- 
bodies. Heterogeneity in an otherwise pure preparation can arise through 
aggregation, partial denaturation, or degradation as a result of purification or 
storage conditions. Always try to establish the homogeneity of the preparation 
using other techniques such as chromatography or electrophoresis. 

A prerequisite for studying 1 : 1 kinetics described in Equation 2 is that the 
analyte has a single binding site for the immobilized ligand. Molecules with 
multiple binding sites can be used as ligands, provided that the binding sites are 
independent. Molecules with multiple binding sites are less suitable as ana- 
lytes, since this leads to avidity effects in which one analyte molecule binds to 
multiple binding sites on the surface. Avidity is seen as a significant reduction 
in the rate of dissociation as compared to single-site binding. Antibodies are a 
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Fig. 5. Effect of dimerization of an affibody. Overlay plot of sensorgrams obtained 
after injection of Zjaqsi-i and di-Zx aq si-i- Reprinted with the kind permission of E. 
Gunneriusson, K. Nord, M. Uhlen, and P-A Nygren, Department of Biotechnology, 
Royal Institute of Technology (KTH) (47). 



common example of an interactant with multiple binding sites. When monova- 
lent antibody fragments are used as analyte, note that some fragments may 
have a tendency to dimerize in solution. Contaminating dimers in the analyte 
solution can have a detrimental effect on the results (Fig. 5). 

The concentration of interactant is important in two respects for the choice 
of ligand vs analyte: i) the concentration of analyte must be accurately known 
in order to calculate correct association-rate constants. It is not necessary to 
accurately determine the concentration of ligand; ii) analyte preparations must 
be available over a suitable concentration range for kinetic measurements. The 
range of available ligand concentrations is less important. Analyte stock solu- 
tions must be at a relatively high concentration (usually in the mg/mL range) in 
order to allow dilution to a concentration series for analysis. Ligands are gener- 
ally immobilized at low concentrations (typically 10 \lglmL for amine and thiol 
coupling). If the concentration of stock solution is low, it may be necessary to 
perform a buffer exchange on the ligand prior to immobilization. 

3.2. Designing the Active Surface 

A range of immobilization chemistries can be used by exploiting amine 
groups, carboxyl groups, thiol groups, sugar moieties, or tags that are present on 
the ligand. All types of immobilizations can be performed directly in the Biacore 
system, and the process is usually less than 30 min. Immobilization can be per- 
formed using a low flow rate (5-10 |J^L/min) to minimize consumption of ligand. 
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The concentration of ligand used for immobilization is typically 1-100 ilg/mL. 
Biacore AB offers a wide choice of sensor surfaces and coupling chemistries for 
ligand immobilization. Sensor chip surfaces with a carboxymethyl (CM) dextran 
matrix allow a flexible choice of immobilization chemistries and provide a 
hydrophilic environment for biomolecular interactions. 

3.2.1 . Immobilization Approaches 

Immobilization is initiated with activation of the carboxyl groups on the sen- 
sor surface. These are converted to reactive esters through a reaction with a 
mixture of carbodiimide/hydroxysuccinimide (EDC/NHS). The esters can then 
be reacted directly with proteins or with molecules that introduce new surface 
functionality — for instance, a thiol group, a reactive disulfide, or a hydrazine. 

3.2.1 .1 . Amine Coupling 

This method uses carbodiimide/hydroxysuccinimide chemistry to immobi- 
lize ligand via free amine groups such as the N-terminus or lysine residues. 
This is the most generally applicable method for protein ligands. 

1. Mix equal volumes of 0.4 M EDC and 0.1 M NHS and inject the mixture over the 
sensor surface (suggested contact time 1-10 min). 

2. Inject ligand solution. 

3. Inject ethanolamine-HCl (suggested contact time 7 min) to deactivate excess reac- 
tive groups. 

3.2.1 .2. Surface Thiol Coupling 

This method uses thiol-disulfide exchange between thiol groups on the 
matrix surface and reactive disulfide introduced into carboxy-groups on the lig- 
and. This process requires prior modification of the ligand, and may not always 
work when the analyte requires reducing conditions. The following steps are 
also illustrated in Fig. 6. 

1 . To modify the ligand, prepare a solution of ligand at 1 mg/mL in 0. 1 M MES buffer, 
pH 5.0. A volume of 0.5 mL is sufficient. 

2. Prepare a solution of PDEA at 15 mg/mL in 0.1 M MES buffer, pH 5.0. A volume 
of 0.3 mL is sufficient. 

3. Add 0.25 mL of PDEA solution to 0.5 mL of ligand solution. Incubate at 25°C for 
5 min. 

4. Add 25 UL of 0.4 M EDC in water. Incubate at 25°C for 10 min. 

5. Remove the reagents by gel filtration, dialysis, or an equivalent technique. 

6. To immobilze the ligand, mix equal volumes of 0.4 M EDC and 0.1 M NHS. Inject 
over the sensor surface (suggested contact time 2 min). 

7. Inject cystamine (suggested contact time 3 min). 

8. Inject DTE or DTT (suggested contact time 3 min) to ensure that thiol groups are 
reduced. 
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Fig. 6. Surface thiol coupling of lysozyme. The ligand is injected repeatedly until 
the desired immobilization level is reached (500 RU). 



9. Inject ligand solution. 
10. Inject PDEA (suggested contact time 4 min) to deactivate excess thiol groups. 

3.2.1 .3. Ligand Thiol Coupling 

This method uses thiol-disulfide exchange between reactive disulfide groups 
and thiol groups (typically cysteine residues) in the ligand. This approach may 
not always work when the analyte requires reducing conditions. 

1. Mix equal volumes of 0.4MEDC and 0.1 MNHS. Inject the mixture over the sen- 
sor surface (suggested contact time 2 min). 

2. Inject PDEA solution (suggested contact time 4 min). 

3. Inject ligand solution. 

4. Inject cysteine-HCl (suggested contact time 4 min) to deactivate excess PDEA groups. 

3.2.1 .4. Aldehyde Coupling 

This method uses hydrazine chemistry to immobilize ligand via aldehyde 
groups on the ligand molecule. Although aldehyde groups are not common in 
native ligand molecules, they may be introduced by oxidation of ligands con- 
taining cw-diol groups. This approach can be useful for immobilization of car- 
bohydrates and glycoproteins. 

1. Oxidize the ligand, if necessary, to introduce aldehyde groups. Reagents and condi- 
tions for this step will depend on the particular ligand. 
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2. To immobilize the ligand, mix equal volumes of 0.4 M EDC and 0.1M NHS. Inject 
the mixture over the sensor surface (suggested contact time 1-5 min). 

3. Inject hydrazine or carbohydrazide (suggested contact time 7 min). 

4. Inject ethanolamine-HCl (suggested contact time 7 min) to inactivate remaining 
reactive groups. 

5. Inject ligand solution. 

6. Inject sodium cyanoborohydride (suggested contact time 20 min). This will reduce 
the hydrazone bond and stabilize the immobilized ligand. 

3.2.1 .5. High-Affinity Capture 

This method relies on high-affinity binding of the ligand to a capturing mol- 
ecule immobilized on the sensor surface. Capture works as a nanoscale-affinity 
purification of ligand, which means that the ligand preparation does not have to 
be purified. Regeneration usually removes both ligand and bound analyte, and 
fresh ligand is captured for each analysis cycle, increasing the consumption of 
ligand. For kinetic analysis, it is important that the ligand dissociates as little as 
possible from the surface during measurement and that the ligand-capture step 
is highly reproducible so that conditions for each cycle are comparable. 

1. Immobilize the capturing molecule by amine coupling (see Subheading 3.2.1.1.). 

2. Inject ligand solution (suggested contact time 1-3 min) and allow the surface to sta- 
bilize (typically 5-10 min). 

3.3. Buffer Conditions 

The analyte buffer should have the same composition as the running buffer. 
This will minimize differences in the refractive index and ensure that associa- 
tion and dissociation phases are monitored under the same conditions. If no 
special requirements must be considered, 10-50 mM HEPES or phosphate 
buffers are recommended. Typically, these buffers should include at least 100 
mM NaCl to avoid electrostatic interactions between carboxyl groups on the 
surface and positively charged groups on the analyte. A detergent such as 
Tween 20 at a concentration of between 0.005% and 0.1% is recommended, 
and can prevent adsorption of analyte to vials and tubing. 

3.4. Test of Surface Activity 

1. Prepare analyte solutions at concentrations of 0.001, 0.01, 0.1, 1, 10, and 100 |lM. 

2. Inject these solutions over the immobilized surface. Use a flow rate of 30 uL/min 
and 1-min injections. Start with the lowest concentration and inject in concentra- 
tion order. 

3. When the highest concentration has been injected, observe dissociation for at least 
20 min. 

This experiment will provide a first indication of whether the analyte binds to 
the immobilized ligand, and also whether the kinetics are in the measurable range. 
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For measurable kinetics, the progress of binding and dissociation should be read- 
ily apparent. It should also be easy to determine whether the surface is saturated 
or if higher concentrations are needed to reach saturation. If the signal rapidly 
returns to baseline, no regeneration will be required. If the baseline has not been 
reached after 20 min of dissociation, this indicates that regeneration will be 
needed to speed up the analysis. 

The saturation response gives an indication of the apparent activity of the 
immobilized ligand. 

Ligand level = R max * ligand mW/analyte mW * 1 /binding stoichiometry 

For example, for a ligand with a mol wt of 150 kDa, analyte mol wt of 50 
kDa, and 1,500 RU immobilized ligand, a saturation response of 300 RU rep- 
resents an apparent activity of 300/(1500*50/150)* 100 = 60%. If the apparent 
activity is significantly higher than 100%, this may indicate that the analyte is 
binding to multiple sites on the ligand or that the analyte is binding as multi- 
mers or aggregates. If the maximum binding capacity indicates that ligand 
activity is low, it may still be possible to perform kinetic experiments. The 
level of immobilized ligand should then be increased to compensate for the 
low activity. 

3.5. Reference Surface 

Kinetic analysis requires a reference surface to correct for bulk response. 
The reference surface may be prepared in one of three ways: i) unmodified sur- 
face; ii) activated-deactivated; or iii) immobilized with a dummy ligand. In 
general, test experiments are necessary to determine which type of reference 
surface is most appropriate. As a prerequisite, the analyte must show no or low 
levels of nonspecific binding to the reference surface. 

1. Inject the analyte over the unmodified sensor chip to check for nonspecific binding. 
Use a high concentration of analyte — for example, 10 |XM for typical protein analytes. 
A flow rate of 30 uL/min or higher and a contact time of 5 min are recommended. 

2. Remove bound protein and refresh the surface with a 1-min injection of 50 mM 
NaOH. 

3. Nonspecific binding appears as the response obtained from injection of analyte 
over the unmodified surface. Evaluate the level of nonspecific binding in relation to 
the response expected from analyte binding to the ligand. Nonspecific binding lev- 
els up to 5% of the expected R max can sometimes be tolerated. If nonspecific bind- 
ing is high at the analyte concentration used, test lower concentrations in order to 
judge the binding in relation to the expected measurements. If nonspecific binding 
is unacceptably high, the following measures may be taken: 

a. Test nonspecific binding to a surface that has been activated and deactivated. For 
example, for amine coupling, activate the surface with EDC/NHS and then 
deactivate directly with ethanolamine. If this reduces the amount of nonspecific 
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binding to acceptable levels, use an activated-deactivated surface as a reference 
in your kinetic experiment; 

b. Try a different buffer — e.g., Tris-HCl or phosphate instead of HEPES; 

c. Reverse the roles of ligand and analyte if other considerations allow this. Non- 
specific binding may be lower for one interactant than for the other; or 

d. Try a different sensor surface. Several surfaces with varying charge and 
hydrophilicity properties are available. 

3.6. Establish Regeneration Conditions 

If surface activity experiments demonstrate that the complex is stable and 
that complete dissociation will not be obtained within a reasonable time, a 
regeneration procedure will have to be determined. Successful regeneration 
must cause rapid dissociation of the complex and maintain ligand activity. 

To find regeneration conditions, test regeneration with repeated cycles of 
injection of analyte followed by injection of the regeneration solution. Note the 
level of analyte binding and the baseline after regeneration for each cycle. Use 
a high analyte concentration to achieve a high level of analyte binding. This 
will make it easier to detect incomplete regeneration or loss of binding capac- 
ity. Always start with the mildest regeneration conditions and proceed succes- 
sively to harsher conditions. This will reduce the risk of the surface being 
destroyed during the establishment of an optimum procedure. Evaluate the 
results on the basis of trends in baseline and analyte response values from 
repeated analyses, not on single sensorgrams (Fig. 7). 

1. Inject analyte for 1 min, then inject regeneration solution for 1 min. 

2. Repeat the cycle of analyte injection and regeneration 5x. 

3. Inspect trend plots (response against cycle number) for baseline just before analyte 
injection and analyte response. 

4. Optimal conditions for regeneration are specific for each ligand-analyte interaction. 
However, a narrow range of conditions is effective for a wide range of interactants. 
The following solutions are suggested as a starting point in searching for effective 
regeneration conditions. Test the solutions in the order given until you find accept- 
able conditions: low pH (10 mM glycine-HCl buffers recommended), ethylene gly- 
col (add 50, 75 and 100%), high pH (1-100 mM NaOH) and MgCl 2 (1-4 M). Test 
each solution with a contact time of 1 min. The contact time can be varied if neces- 
sary to obtain optimal regeneration. 

5. For result interpretation, follow the trend in analyte-binding response (relative 
response measured from the baseline just before injection) for replicate tests of 
each regeneration solution. Follow the absolute baseline response after regenera- 
tion as well, although trends in the baseline level are less informative, they can help 
to clarify and confirm interpretation of trends in response levels. In an ideal regen- 
eration, the analyte response is constant within ± 10% of the level reached in the 
first injection. When conditions are too mild, the analyte response decreases and 
the baseline level increases. Test slightly harsher conditions or change the type of 
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Fig. 8. A change in temperature can have drastic effects on interaction properties. 
Here, dissociation half time, ti/2 was reduced from 38 min to 80 s when the interaction 
temperature was altered from 5-35°C. 

regeneration solution. When conditions are too harsh, the analyte response 
decreases at the same time that the baseline level is either constant or decreases. A 
decrease in analyte response without a corresponding increase in baseline indicates 
that the surface is losing analyte-binding capacity. In this case, change the type of 
regeneration solution. You may need to prepare a new surface if the ligand has been 
too heavily damaged. 
6. When you have found conditions for regeneration, run repeated cycles to ensure 
that ligand activity is fully retained throughout multiple analysis cycles. 

3.7. Temperature 

Most kinetic experiments are performed at room temperature. Both complex 
formation and dissociation are more rapid at elevated temperatures. Dissocia- 
tion is often more influenced by a change in temperature, which leads to lower 
affinities at higher temperatures (Fig. 8). An interaction that is difficult to study 
at room temperature because of high complex stability and difficult regenera- 
tion can be more suitable for analysis at higher temperatures. From kinetic data 
obtained at different temperatures, reaction enthalpy and entropy can be deter- 
mined. For thermodynamic analysis, a total of five temperatures in the range 
from 5^10 o C are recommended. 

3.8. Experimental Parameters for Kinetic Analysis 

1. Immobilize ligand to a suitable level. To obtain a favorable balance between the 
intrinsic reaction rate and the transport of analyte to the surface, an immobilization 
level that yields a low saturation level is recommended. Use the surface activity 
studies to calculate the immobilization level that would be required to yield a satu- 
ration response of 20-50 RU. Prepare surfaces with this immobilization level. A 
low level of immobilization is needed when interactions with high k a values are 
investigated. In cases in which many analytes are to be compared, it is likely that 
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some will have a low affinity for the immobilized ligand. In these cases, it can be 
necessary to use a higher level of immobilization. 

2. Run three to five repeated cycles consisting of injection of analyte followed by 
regeneration to confirm that the surface performance is reproducible through multi- 
ple analysis cycles and in order to condition the flow system and the surface. The 
analyte should be injected at a high concentration so that binding approaches satu- 
ration, if possible. This experiment will also show whether the response returns to 
baseline immediately after regeneration in each cycle. In some cases, it may be nec- 
essary to wait for the baseline to stabilize after regeneration. 

3. Perform analyses over a wide range of analyte concentrations, ideally 100-fold or 
more. Results from the surface activity experiments should indicate a suitable con- 
centration range. At least one and preferably more of the highest concentrations 
should reach steady state during the sample injection. The lowest concentrations 
should show measurable binding rates, but will probably not reach steady state. An 
analyte injection time of 1-3 min is normally sufficient. Longer injection times 
may be required in cases in which the reaction is slow and high analyte concentra- 
tions are not readily available. For accurate determination of the dissociation-rate 
constant, significant dissociation must be observed. The surface activity experi- 
ment in which dissociation is followed for 20 min can serve as a guideline. It is usu- 
ally not practical to extend dissociation time to more than 1 h. Repeat at least one 
analyte concentration in duplicate or triplicate during a concentration series. In this 
way, the repeatability of the system as well as any change in surface activity can be 
monitored over time. Ideally, the sample should reach the active and reference sur- 
faces at the same time. This situation is approached in Biacore systems by using 
flow rates of 30 uL/min or more. A high flow rate is also beneficial for two other 
reasons — it reduces sample dispersion and improves mass transport. 

4. Inject running buffer (blank sensorgram). When the signal from the reference sur- 
face has been subtracted, there may still be artefacts in the remaining data. Arte- 
facts can arise from small temperature changes (0.01°C) or from pressure jumps. 
These artefacts will also usually be present when buffer is used instead of a sample. 
If they occur systematically, subtracting a blank sensorgram can improve binding 
data by reducing or even eliminating these disturbances. 

3.9. Data Analysis 

There are three steps in data analysis: i) preparation of data; ii) calculation of 
rate constants; and iii) interpretation of results. 

3.9.1. Preparation of Data 

1. Baseline adjustment: set the baseline recorded immediately before the injection of 
analyte to zero (see Note 1). Align sensograms with respect to time to allow sub- 
straction of data from the reference surface and subtraction of a blank sensogram. 
This cleanup procedure, illustrated in Fig. 9, compensates for differences in 
refractive index between sample and running buffer and reduces systematic instru- 
ment errors (44). 
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Fig. 9. Double referencing for cleanup of data prior to analysis (A). After baseline 
and time alignment of data, reference surface data is subtracted from the antibody sur- 
face. Remaining systematic errors are reduced by subtracting a blank (zero concentra- 
tion) sensorgram. Overlay plot (B) of experimental and calculated data. The residual 
plot records the difference between observed and calculated (fitted) data. 
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2. When analyte injections cover a wide range of concentrations, it is normal to 
exclude some sensorgrams from analysis (see Notes 2 and 3). A very high concen- 
tration can be excluded when the injection leads to almost instantaneous saturation. 
In this case, the injection phase will not provide any kinetic information. A low 
concentration may not give significant binding data, and should then be excluded 
from the data set. 

3.9.2. Calculation of Rate Constants 

1. Include binding curves obtained at four to six analyte concentrations in final data 
analysis. 

2. Select interaction model and start the fitting procedure (see Note 4). By using a set 
of default starting values, for parameters to be determined, the evaluation software 
calculates theoretical binding curves and compares them with experimental data. 
The difference between observed and calculated data sets is minimized by the soft- 
ware in an iterative manner. The program then returns the parameter values, k a , kd, 
Rmax, kt, that best describe the experimental data (see Note 5) (45,46). 

3. The analysis results in an overlay plot of experimental and calculated data, a resid- 
ual plot (e.g., a plot of the difference between observed and calculated data) and a 
list of parameter values. 

3.9.3. Interpretation of Results 

1. Inspect the overlay plot. It compares observed and calculated data on the same 
scale and provides an immediate visual evaluation of the fit. Large differences 
between calculated and observed data indicate a poor fit, but when binding curves 
overlap, data is usually reliable. 

2. Inspect the residual plot. It provides finer details. In an ideal case, the residual plot 
represents instrument noise and is without systematic trends. In reality, small resid- 
uals are often observed, particularly for data collected during the injection of ana- 
lyte. Here, residuals can reflect errors in concentration (dilution errors). The size of 
the residual should therefore be viewed in relation to the absolute response. The 
setting of the injection start and stop can be critical. These are identified from the 
sensorgram by the user. Time errors are usually less than 1 s, but can result in sig- 
nificant residuals when binding rates are high. In the dissociation phase, residuals 
are normally less significant, since dissociation data is independent of the concen- 
tration of injected analyte. Absolute guidelines for interpretation of the size and 
shape of residuals are difficult to provide, but large deviations between observed 
and calculated data indicate that parameter values are uncertain (see Note 6). 

3. Inspect parameter values. 

a. R max . The R max value, which is expressed in RU, is the calculated saturation 
level. The reliability of this value is easily checked by comparing it to experi- 
mental data. For the data in Fig. 9, the calculated R max value was 64 RU, in close 
agreement with the observed signal. 

b. k t . The k t value, RU/(M*s), for proteins is normally between 10 8 and 5 x 10 9 , but 
depends on the dimensions of the flow system, the flow rate and the mol wt of 
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the analyte. For reactions in which the intrinsic binding rate is much lower than 
the transport rate, the k t value cannot be determined. In this case, computer 
analysis of the data returns a much higher k t value that is often >10 u . For the 
data in Fig. 9, k t was determined as 2.4 x 10 8 , indicating a transport-limited 
interaction. 

c. K4. The validity of the kd value can be checked by inspecting signal levels. For a 
reaction that is not transport-limited, the time it takes for 50% of the complex to 
dissociate is Inllk^. For a transport-limited reaction, this time is extended. In 
Fig. 9, k,j was 3.2 x 10" 3 S" 1 , and the corresponding half-time is 217 s. From the 
top curves, 50% dissociation is reached just after 300 s, which is in agreement 
with a transport-limited reaction. A time much shorter than 217 s would have 
been treated with suspicion. In general, k^ values higher than 0.1-1 and lower 
than 10" 5 s _1 cannot be determined using SPR, and values outside this range 
must be treated with skepticism. 

d. Kj)- The affinity constant Kq is obtained from the ratio between rate constants, 
kjk a . The K^ concentration gives an equilibrium response, R eq , which is equal 
to half the saturation response. In Fig. 9, the K^ was 0.46 nM. The lowest con- 
centration injected was 0.45 nM. Inspection and extrapolation of the injection 
phase by eye supports the finding of a Kq lower than 1 nM. 

In cases in which equilibrium is reached during injection, Kd can be deter- 
mined directly from equilibrium binding levels using Equation 3. This allows 
a direct comparison of Kd values obtained from kinetic analysis and from 
steady-state analysis. These two Kd values are based on the same interaction 
model, and should therefore be identical (Fig. 9). 

4. Notes 

The use of more complex interaction models in data analysis is possible in 
principle. Ligand or analyte heterogeneity, avidity, or conformation change mod- 
els can be used. In these cases, however, the results from data analysis require far 
more consideration and the interpretation of multiple rate constants is not 
straightforward. A more complex model can be used in cases in which there is a 
biochemical reason for it, or when fitting of data to the 1 : 1 interaction model is 
clearly inappropriate. However, there can be many causes for poor curve fits, 
which should be considered when the results are interpreted. This section identi- 
fies some of the common causes of poor curve-fitting in kinetic evaluation. 

1. Baseline not adjusted: Curve-fitting algorithms in the evaluation software assume 
that the baseline for all curves is set to zero. If you have forgotten to adjust the sen- 
sorgram baseline to zero, you will not be able to fit the curves (Fig. 10). 

2. Incorrect analyte concentrations: If the wrong analyte concentrations are entered 
for the sensorgrams, a poor fit will be obtained. Just two deviant curves with an 
acceptable fit for the remaining curves may indicate that the two concentrations 
have been reversed (Fig. 11). 
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Fig. 1 1 . Fitting to sensorgrams with two analyte concentrations interchanged. 

Wrong order of magnitude: If concentrations are entered in the evaluation software 
with an incorrect or omitted order of magnitude (e.g., entering 10 instead of lOn for 
10 nanomolar), the software may be unable to find a fit for the curves because the 
starting values for the fitting procedure are out of range. If the software is able to 
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Fig. 12. Fitting to sensorgrams with analyte concentrations entered as molar instead 
of nanomolar. 



find a fit with the wrong order of magnitude for the analyte concentration, the fit 
will be valid, but an incorrect value will be obtained for the association-rate con- 
stant k a . The dissociation-rate constant kj is independent of analyte concentration, 
and will not be affected (Fig. 12). 

Unsuitable model: Fitting data from a complex interaction to a simple model will 
give a more or less poor fit, depending on the nature and the extent of interaction 
complexity. Note: fitting data from a simple interaction to a complex model will 
generally not give a poor fit, but some of the values obtained will lack significance. 
Inappropriate starting values: Fitting algorithms in the evaluation software require 
starting values for all variables in the model. If the starting values provided differ too 
widely (usually by several orders of magnitude) from the best-fit value, the software 
may not be able to find a fit. This type of error typically results in fitted curves that 
consist of a series of straight-line segments that deviate greatly from the sensor- 
grams (similar to those in Fig. 12). If you observe this kind of behavior, check first 
that the analyte concentration values are correct. If this does not help, try changing 
the starting values for k a and/or kd either up or down by a factor 10 or more. 
Inappropriate bulk response values: Most models in the evaluation software assign 
a locally variable parameter RI to the bulk response. The algorithms used some- 
times assign unnecessarily high values to this parameter in the fitted curves. If you 
are evaluating data that has been properly reference-subtracted and find that the 
curves show response shifts at the beginning and end of injection, try setting the 
bulk response parameter to a constant value of 0. 
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Kinetic Exclusion Assays to Study High-Affinity 
Binding Interactions in Homogeneous Solutions 

Robert C. Blake II and Diane A. Blake 



1. Introduction 

High-affinity equilibrium binding constants for antibody-antigen interac- 
tions are inherently difficult to measure. Depending on the method used, diffi- 
culties arise from either the loss in signal-to-noise at the low concentrations 
that are necessary for measuring tight binding affinities, or from very slow off- 
rate kinetics. Methods for the quantification of antibody-binding interactions 
may be arbitrarily divided into two categories, homogeneous and heteroge- 
neous. Homogeneous methods are those in which all of the binding reagents 
are evenly dispersed in solution. These methods require that some quantifiable 
property of the antibody or the antigen be changed as a result of the interaction. 
Examples include absorbance, fluorescence, fluorescence polarization, and 
sedimentation coefficient. In general, homogeneous methods cannot be readily 
applied to the majority of antibody-antigen interactions. In those few instances 
in which such methods do apply, they rarely exhibit great enough sensitivity to 
study the high-affmity interactions that are common for antibody-antigen inter- 
actions, in which the value of the equilibrium dissociation constant, Kj, is often 
orders of magnitude less than micromolar. In contrast, a number of heteroge- 
neous methods that do exhibit high sensitivity have been described for the 
quantification of high-affinity antibody-binding interactions (refs. 1-4; see 
Chapter 23). A heterogeneous method is defined here as one in which one or 
more of the binding reagents is immobilized on a surface. Investigators have 
expressed concerns about the problems of limiting mass transport to the immo- 
bile binding phase (5), immobilization in multiple conformations (6), and 
steric hindrance on the surface (7). 

This chapter describes a new heterogeneous method to study antibody-anti- 
gen interactions in which the immobilized binding partner is merely a tool used 
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to capture and quantify a portion of the free, uncomplexed antibodies that are 
present in homogeneous reaction mixtures (8-10). This method is conducted 
on the KinExA™ 3000 immunoassay instrument, a computer-controlled flow 
fluorimeter designed to achieve the rapid separation and quantification of free, 
unbound antibody-binding sites present in reaction mixtures of free antibody, 
free antigen, and antibody-antigen complexes. In the best of circumstances, an 
assay to quantify antibody-antigen binding interactions should be accurate, 
sensitive, and convenient. Although only the first of these properties is essen- 
tial, the latter two are certainly desirable. The kinetic exclusion assays 
described here meet all three criteria. When measuring binding interactions in 
the KinExA, the principal conditions that must be met are as follows: i) binding 
of the immobilized antigen and the corresponding soluble antigen must be 
mutually exclusive; and ii) binding to the immobilized antigen must be suffi- 
ciently tight to permit efficient protein capture, leading to an instrument 
response with acceptable signal-to-noise characteristics. Once these conditions 
are met, it is anticipated that this method may be applied to a wide variety of 
macromolecular interactions. 

The operating principles of the KinExA instrument are illustrated schemat- 
ically in Fig. 1. Briefly, the KinExA is comprised of an arrangement of tub- 
ing, connectors, valves, syringes, and pumps, and the purpose of these is to 
deliver accurate quantities of soluble or suspended reagents to the observation 
cell of the fluorimeter. Liquid samples and suspensions are drawn into the 
fluid-handling system of the instrument under negative pressure via a series 
of flexible plastic tubes (inner diameter = 0.5 mm) that are assigned to indi- 
vidual ports in a rotary valve with a position that is controlled by the instru- 
ment software. The capillary flow/observation cell (inner diameter =1.6 mm) 
of the instrument is fitted with a microporous screen with an average pore size 
of 53 urn. Uniform particles larger than the pore size of the screen are pre- 
coated with antigen and deposited above the screen in a packed bed. A small 
volume of the reaction mixture — typically 0.5-5.0 mL — is then percolated 
through the packed bed of antigen-coated microbeads under negative pres- 
sure. Antibodies with unoccupied antigen-binding sites are available to bind 
to the immobilized antigen coated on the surface of the microbeads; antibod- 
ies with both binding sites occupied by soluble antigen are not. Exposure of 
the soluble binding mixture to the immobilized antigen is sufficiently brief 
(-480 ms for a flow rate of 0.5 mL/min) to ensure that negligible dissociation 
of the soluble antibody-antigen complex occurs during the time of exposure 
to the beads. The antibodies with binding sites that are occupied by antigens 
with slow unimolecular dissociation-rate constants are thus kinetically 
excluded from interactions with the immobilized antigen. The soluble 
reagents are removed from the beads by an immediate buffer wash. Quantifi- 
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Fig. 1. Schematic of KinExA immunoassay instrument. 



cation of the primary antibody thus captured on the immobilized antigen can 
subsequently be achieved by the brief exposure of the particles to a fluores- 
cently labeled anti-species secondary antibody directed against the primary 
antibody, followed by measurement of the resulting fluorescence from the 
particles after removal of excess unbound reagents. 

The features of this new method are illustrated herein using a model system 
comprised of digoxin and a mouse MAb directed against digoxin. The anti- 
body exhibits an equilibrium dissociation constant for soluble digoxin of 
8.6 pM and a bimolecular association-rate constant for binding of 4.8 x 10 7 
M _1 s _1 . Unlike other heterogeneous methods, the values of the equilibrium 
and rate constants obtained by kinetic exclusion assays are those for the bind- 
ing reaction in homogeneous solution. We have found the KinExA to be a 
remarkably sensitive tool for the characterization of antibody-antigen interac- 
tions. As part of a functional characterization of a MAb directed against 
chelated ionic cadmium, our laboratories determined 25 individual equilib- 
rium and rate constants while consuming less than 500 |J.g of purified anti- 
body (8). Typical assay conditions that employed 0.5 nM antibody generated 
fluorescence signals of approx 1.0 V with 1-2 mV noise. Furthermore, the 
cost of disposable reagents was minimal compared with other heterogeneous 
methods of measuring binding. It is hoped that these KinExA assays will 
enjoy widespread use in the efforts of life scientists to understand complex 
biochemical processes at the molecular level. 
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2. Materials 

1. Mouse monoclonal anti-digoxin antibody, clone number 91286 (Fitzgerald Indus- 
tries International). 

2. Digoxin-bovine serum albumin (BSA) conjugate (digoxin-BSA) (Fitzgerald Indus- 
tries International). 

3. Goat anti-mouse polyclonal antibodies covalently labeled with R-phycoerythrin 
(RPE) (Jackson ImmunoResearch). 

4. 10% (w/v) normal goat serum (Jackson ImmunoResearch). 

5. Digoxin (12(3-hydroxydigitoxin) (Sigma). 

6. Phosphate-buffered saline (PBS): 137 mM NaCl, 3.0 mM KC1, 10 mM sodium 
phosphate, pH 7.4, 0.03% (w/v) sodium azide. 

7. Polymethylmethacrylate beads (140-170 mesh, 98 |im in diameter) (Sapidyne 
Instruments). 

8. The KinExA™ 3000 immunoassay instrument (Sapidyne Instruments). 

3. Methods 

3. 1. Determination of Equilibrium Dissociation Constants 

3. 1. 1. Preparation of Reagents 

1. Prepare antigen immobilized on polymethylmethacrylate beads by suspending 200 
mg (dry weight) of beads in 1.0 mL of PBS that contains 100 (_Lg of the digoxin- 
BSA conjugate. Agitate the suspension gently at 37°C for 1 h, then centrifuge the 
beads and decant the supernatant solution. 

2. Block any nonspecific protein-binding sites that remain on the beads by incubating 
the beads with 1.0 mL of 10% (w/v) goat serum in PBS that contains 0.03% (w/v) 
sodium azide at 37°C for an additional hour. The blocked beads may be stored at 
4°C in the blocking solution for up to 1 mo before use. 

3. Prepare five reaction mixtures that contain at least 1.0 mL of 10 pM anti-digoxin 
antibody (20 pM in binding sites) and different concentrations of soluble digoxin 
(0-10 nM) in PBS. 

3.1.2. Preparation of the KinExA Instrument 
to Assay Equilibrium Binding Mixtures 

1. Transfer the suspension of 200 mg of beads coated with digoxin-BSA and blocked 
with goat serum (-1.0 mL of goat serum with -0.5 mL of bead volume), along with 
30 mL of PBS, to the bead reservoir on the instrument. 

2. Assign, via the plastic tubing, each of the five reaction mixtures to ports 2 through 
6, inclusive. 

3. Assign a solution of RPE-conjugated goat anti-mouse antibody (1.0 |lg/mL) to port 
14 on the instrument. 

4. Follow the KinExA instrument manual to instruct the KinExA software to perform 
the sample-handling timing routine summarized by the lines of code contained in the 
"bead-handling" and "equilibrium analysis" sections of Table 1. Each row in Table 
1 represents a command in which the instrument is instructed to conduct a specific 
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Table 1 

Sample-Handling Timing Routines for the Determination 

of Free Antibody in Either Equilibrium or Kinetic Reaction Mixtures 









Draw 


Inject 






Line 


Vol. 


Rate 


Vol. 


Rate 




no. Material 


Port 


Time (s) 


((XL) 


(|xL/min) 


((XL) 


(|xL/min) 


Loop 


Stir 


Bead-handling: 


















1 Backflush 


- 


30 


- 


- 


- 


- 


No 


Off 


2 Buffer 


1 


20 


500 


1.5 


- 


- 


No 


On 


3 Polybeads 


- 


27 


675 


1.5 


- 


- 


No 


On 


4 Buffer 


1 


40 


1000 


1.5 


- 


- 


No 


Off 


5 Waste 


- 


10 


50 


0.3 


- 


- 


No 


Off 


6 Buffer 


1 


20 








- 


- 


No 


Off 


7 Buffer 


1 


6 


150 


1.5 


- 


- 


No 


Off 


Equilibrium analysis (5 samples): 














8 a Sample 1 


2 


600 


5000 


0.5 


- 


- 


Yes 


Off 


8b Sample 2 


3 


600 


5000 


0.5 


- 


- 


Yes 


Off 


8c Sample 3 


4 


600 


5000 


0.5 


- 


- 


Yes 


Off 


8d Sample 4 


5 


600 


5000 


0.5 


- 


- 


Yes 


Off 


8e Sample 5 


6 


600 


5000 


0.5 


- 


- 


Yes 


Off 


9 Buffer 


1 


20 


166 


0.5 


- 


- 


No 


Off 


10 2° antibody 


14 


120 


1000 


0.5 


- 


- 


No 


Off 


1 1 Buffer 


1 


120 


3000 


1.5 


- 


- 


No 


Off 


Kinetic analysis (5 samples): 














8 a Sample 1 


2 


60 


250 


0.25 


250 


0.25 


Yes 


Off 


8b Sample 2 


2 


60 


250 


0.25 


250 


0.25 


Yes 


Off 


8c Sample 3 


2 


60 


250 


0.25 


250 


0.25 


Yes 


Off 


8d Sample 4 


2 


60 


250 


0.25 


250 


0.25 


Yes 


Off 


8e Sample 5 


2 


60 


250 


0.25 


250 


0.25 


Yes 


Off 


9 Buffer 


1 


20 


166 


0.5 


- 


- 


No 


Off 


10 2° antibody 


14 


120 


1000 


0.5 


- 


- 


No 


Off 


1 1 Buffer 


1 


120 


3000 


1.5 


- 


- 


No 


Off 



This table was adapted from the KinExA™ software display. 



fluid-handling operation. The lines of command are executed in numerical order for 
each assay. Lines 1-7, inclusive, comprise the bead-handling routine. At the conclu- 
sion of line 7, a packed bed of antigen-coated beads is ready for the introduction of 
sample. A new set of disposable beads is deposited in the observation cell for each 
individual KinExA assay. Lines 8-11, inclusive, comprise the sample-handling rou- 
tine. In the "equilibrium analysis" example given in Table 1, five individual assays 
are specified, corresponding to the analyses of samples 1-5, inclusive. A different 
line 8 (a through e) is executed per individual assay. Lines 9-1 1 are executed for 
each of the five assays. The operation specified by each line in Table 1 is as follows: 
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a. Line 1, backflush: A peristaltic pump is activated to flush the current contents of 
the observation cell to a waste receptacle. 

b. Line 2, buffer: 500 |iL of PBS are drawn through the observation cell to equili- 
brate the relevant tubing and chambers to the solution conditions of the assay. 
The mechanical stirrer is activated to create a homogeneous suspension of the 
beads in the reservoir immediately prior to their withdrawal. 

c. Line 3, polybeads: 675 |0L of the bead suspension are drawn into the observa- 
tion cell, where the beads are retained upstream from the microporous screen to 
create a bed of packed beads approx 4 mm high. 

d. Line 4, buffer: 1.0 mL of PBS is drawn past the packed beads to remove excess 
goat serum and any remaining soluble digoxin-BSA. 

e. Line 5, waste: 50 |lL are forced upstream through the observation cell to "lift" 
the beads from their initial packed bed into a transient suspension. 

f. Line 6, waste: 20 s of inactivity permit the beads, which are denser than the 
PBS, to settle via gravity back into a loosely packed bed on top of the microp- 
orous screen. Experience has shown that beads deposited in this fashion behave 
much more reproducibly in the subsequent assay than those that are initially 
deposited at the conclusion of line 3. 

g. Line 7, buffer: 150 |i,L of PBS are drawn through the observation cell to create a 
tighter beadpack in preparation for the introduction of sample. 

h. Line 8a, sample 1: 5.0 mL of sample 1 are drawn through the observation cell 
via port 2. Any free, uncomplexed anti-digoxin antibody present in the sample 
has the opportunity to bind to the immobilized digoxin on the beads (see Note 
1). Line 8a is only executed for the first assay, corresponding to the analysis of 
sample number 1 . Any line that contains a "Yes" in the Loop column of the soft- 
ware display is executed for only one assay. Thus, Line 8b is executed for a sub- 
sequent assay of sample 2 and Line 8c is executed for a subsequent assay of 
sample 3. 

i. Line 9, buffer: 166 |0L of PBS are drawn through the observation cell to remove 
excess unbound reagents that are present in the equilibrium reaction mixture. 

j. Line 10, secondary antibody: 1.0 mL of the fluorescently labeled anti-species 
antibody is drawn through the observation cell to bind to primary antibody cap- 
tured on the beads during the execution of line 8 (see Note 2). 

k. Line 11, buffer: 3.0 mL of PBS are drawn through the observation cell to 
remove excess unbound secondary antibody. Any line that contains a "No" in 
the Loop column of the display is executed for each assay. Thus, lines 9, 10, and 
1 1 specify operations that are performed for all the five assays. 

3. 1.3. Assay Samples and Analyze Equilibrium Binding Data 

1. Initiate data acquisition in the KinExA software. The instrument conducts fluores- 
cence readings at the rate of one datum per s at the beginning of line 8. Fig. 2 shows 
examples of the time-courses for the fluorescence signal when the quantities of free 
antibody present in different equilibrium mixtures of anti-digoxin and soluble 
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Fig. 2. Time-courses of individual fluorescence responses observed when different 
equilibrium mixtures of digoxin and anti-digoxin MAb were exposed to beads coated 
with an excess of digoxin-BSA, followed by goat anti-mouse antibodies covalently 
conjugated with RPE. Initial concentrations of soluble digoxin were zero, 8.7 pM, 29.2 
pM, 41.7 pM, and 10.0 nM in experiments a through e, respectively. Anti-digoxin pri- 
mary antibody and RPE-labeled secondary antibody concentrations were 10 pM (20 
pM in total binding sites) and 1 .0 |lg/mL, respectively. 



digoxin were determined. The instrumental response from 0-630 s corresponded to 
the background signal generated during the time that the unlabeled equilibrium 
mixture was exposed to and subsequently washed out of the packed microbead col- 
umn. The beads were then exposed to a solution of RPE-labeled goat anti-mouse 
antibodies (630-730 s). Excess unbound labeled secondary antibody was then 
removed from the beads with a buffer wash (730-840 s). 

When the equilibrium mixture contained a saturating concentration of the free 
digoxin (curve e), the instrument response approximated a square wave corre- 
sponding to the fluorescence of the labeled secondary antibody during its transient 
passage past the beads in the observation cell. The signal failed to return to that of 
the background, indicating a nonspecific binding of the RPE-labeled antibody of 
3.5%. When soluble digoxin was omitted from the equilibrium reaction mixture 
(curve a), the instrument response from 630-730 s reflected the sum of two contri- 
butions: the fluorescence of the unbound labeled antibody in the interstitial regions 
among the beads and that of the labeled secondary antibody that had bound to anti- 
digoxin antibody captured by the immobilized digoxin on the beads. Binding of the 
secondary antibody was an ongoing process that produced a positive slope in this 
portion of the curve. When the excess unbound label was removed from the beads, 
the signal that remained was the sum of that from the nonspecifically bound anti- 
body plus that of the labeled anti-mouse goat antibody that specifically bound to 
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the anti-digoxin antibody captured on the beads. Equilibrium mixtures comprised 
of soluble ligand present at concentrations intermediate between those of zero and 
saturation thus provided intermediate instrument responses (curves b-d) from 
which the concentration of free anti-digoxin in each reaction mixture could be 
determined. 
3. Analyze the fluorescence data. In principle, the concentration of free antibody can 
be calculated from the slopes of the curves in the 630-730-s interval, from the aver- 
age value of a portion of the plateau in the 750-840-s interval, or from the corre- 
sponding integrals of the areas under selected portions of the curves. The latter 
alternative is illustrated herein. The fraction of occupied binding sites on the soluble 
anti-digoxin MAb may be taken as: 

1 o — lexp 

Fraction of occupied binding sites = — (1) 

Io - I=o 

where I represents the integral of each time-course such as those in Fig. 2 
over the interval of 750-840 s, and the subscripts 0, exp, and °o refer to time- 
courses corresponding to a soluble digoxin concentration of zero, an intermedi- 
ate digoxin concentration, and a saturating concentration of digoxin, 
respectively. A plot of the fraction of occupied binding sites on the anti-digoxin 
antibody as a function of the concentration of soluble digoxin is given in Fig. 3. 
The value of the apparent equilibrium dissociation constant may be obtained 
from a nonlinear regression fit of the following quadratic equation to the data: 

Fraction of occupied _ ([Ab]+[Ag]+K d ) - {([Ab]+[Ag]+tf d ) 2 -4[Ab][Ag]) 1/2 

binding sites _ 2 ^ 

where [Ab] and [Ag] are the total concentrations of anti-digoxin and 
digoxin, respectively, and K d is the equilibrium dissociation constant. Equa- 
tion 2 corresponds to a one-site homogeneous binding model where the bind- 
ing event causes a significant depletion in the concentration of both of the free, 
unbound reagents (see Note 3). The equilibrium dissociation constant for the 
binding of digoxin to the anti-digoxin antibody in homogeneous solution was 
determined on the KinExA 3000 to be 8.6 ± 1.7 pM (see Note 4). 

3.2. Determination of Individual Kinetic Constants 

Values for the association and dissociation-rate constants for the binding reac- 
tion between digoxin and the anti-digoxin antibody may also be determined by 
kinetic exclusion assays on the KinExA. Instead of exposing an equilibrium 
mixture of the binding partners to the immobilized digoxin on the beads, a solu- 
tion of the anti-digoxin MAb is injected into and mixed with a stream of soluble 
digoxin that reacts for 7 s before the mixture encounters the packed beads. This 
is physically accomplished by filling the injection syringe on the instrument with 
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Fig. 3. Determination of the equilibrium dissociation constant for the binding of the 
anti-digoxin antibody to soluble digoxin. The concentration of occupied antibody- 
binding sites, determined from measurements of the unbound antibody such as those 
illustrated in Fig. 2, was expressed as a fraction of the concentration of total antibody- 
binding sites and plotted versus the concentration of the free antigen in solution. The 
parameters for the curve drawn through the data points were determined by nonlinear 
regression analysis using Equation 2 in the text. 



an appropriate solution of anti-digoxin, and then injecting the antibody solution 
by positive pressure into a moving stream of soluble digoxin (which is simulta- 
neously being drawn by negative pressure from port 2). 

3.2.1. Preparation of Reagents 

1. Repeat Subheading 3.1.1., steps 1 and 2 to prepare immobilized antigen on 
blocked beads. 

2. Prepare 5 mL of 120 pM anti-digoxin antibody (240 pM in binding sites) in PBS. 

3. Prepare five solutions that contain different concentrations of soluble digoxin (0-10 
nM) in PBS. 

3.2.2. Preparation of the KinExA Instrument for Kinetic Analysis 

1. Repeat Subheading 3.1.2., step 1 to transfer beads coated with immobilized anti- 
gen to the bead reservoir on the instrument. 

2. Assign the antibody solution to the injection port on the instrument. 

3. Assign the five antigen solutions to ports 2-6, inclusive. 
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4. Follow the KinExA instrument manual to instruct the KinExA software to perform 
the sample-handling timing routine summarized by the lines of code contained in 
the "kinetic analysis" section in Table 1. Line 8 in the equilibrium routine is 
replaced with one in which the time is 60 s and the Draw and Inject volumes are 
250 uL each (which necessarily dictates that the corresponding rates must be 0.25 
mL/min in both categories). The effect of this command is to mix the two solutions 
at the point of injection, and to subsequently draw the mixture past the packed bed 
of beads in the observation cell. In the example presented here, the final concentra- 
tion of anti-digoxin (after mixing 1 : 1 with the digoxin solution) was 120 pM in the 
binding sites. The final concentrations of soluble digoxin ranged from 5.0-60 vM. 

3.2.3. Assay Samples and Analyze Kinetic Data 

1. Initiate data acquisition in the KinExA software. The primary data derived from 
these kinetic experiments resembled those obtained from the equilibrium experi- 
ments (for example, see the traces in Fig. 2), because in either case the KinExA 
assay was measuring the number of unoccupied binding sites that remained in the 
population of antibody molecules. However, when performing kinetic experiments, 
these data represented the concentration of unoccupied binding sites plucked from 
a mixture of binding partners that was only 7 s old and far from equilibrium. 

2. Analyze the fluorescence data. The extent of the binding reaction during the 7 s that 
the antibody and the antigen are mixed prior to encountering the immobilized anti- 
gen on the beads is controlled by varying the concentration of the reagent in excess, 
the soluble digoxin. The fraction of unoccupied binding sites that remains after 7 s 
of reaction is taken as: 

Fraction of binding sites remaining = — — — (3) 

l0 - loo 

Fig. 4 shows a secondary plot of the remaining unoccupied binding sites as 
a function of the digoxin in the final kinetic mixture. A single exponential func- 
tion of the concentration of digoxin was fit to the data in Fig. 4: 

Iexp = (Io " loo) e~ kl Ws ™] l + loo (4) 

where t is 7 s and k\ is the second-order rate constant for the bimolecular 
binding of digoxin to the anti-digoxin antibody. A value of 4.8 ± 0.3 x 10 7 M _1 
s _1 was obtained for the bimolecular association of anti-digoxin with digoxin 
from the nonlinear regression fit of Equation 4 to the data in Fig. 4. The value 
of the corresponding unimolecular dissociation-rate constant, k2, for the anti- 
body-antigen complex was obtained from the KinExA data using the identity 
k 2 = K d x ki, or k 2 = 4.1 ± 0.9 x 10" 4 s- 1 (see Note 5). 

4. Notes 

1 . Unlike other automated instrumentation devoted to the study of protein-binding 
interactions in which the interaction to be quantified is that between a soluble and an 
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Fig. 4. Determination of the association-rate constant for the bimolecular combina- 
tion of the anti-digoxin antibody with soluble digoxin. Anti-digoxin antibody and dif- 
ferent concentrations of digoxin were incubated for 7 s before separation of the primary 
antibodies in the mixture into bound and free fractions. Each determination was per- 
formed in duplicate; in some cases the error in the data was less than the diameter of the 
plotted points. 



immobilized binding partner, the equilibrium and kinetic -rate constants determined 
on the KinExA are those obtained for the binding reaction in homogeneous solution. 
This is an important distinction. The very act of covalently immobilizing one of the 
binding partners can physically interfere with the normal mode of binding in which 
small ligands are involved or introduce site-specific heterogeneity in the presenta- 
tion of large proteinaceous ligands. The immobilized reactant in the KinExA is 
merely a tool used to separate and quantify the free proteins with unoccupied bind- 
ing sites that are present in the solution reaction mixture. The actual kinetic proper- 
ties of binding to the immobilized reagent are immaterial as long as: i) capture from 
the solution phase is sufficiently rapid to generate a quantifiable signal and ii) a con- 
stant percentage of the free protein is separated from each reaction mixture, regard- 
less of the concentration of the competing soluble ligand. The latter condition is 
readily achieved by ensuring that the effective concentration of the immobilized lig- 
and is in a 10-fold or greater molar excess to that of the soluble protein (8,10). Bind- 
ing of the free protein to the immobilized ligand under these conditions is a 
pseudo-first-order process, in which the rate and thus the extent of binding during 
the limited contact time between the free protein and the immobilized ligand are dic- 
tated by the concentration of the reagent in excess (the immobilized ligand) and are 
independent of the concentration of the limiting component, the free protein. 
Although it may appear that the requirement to create a fluorescence signal that is 
proportional to the quantity of free protein captured on the beads might limit the 
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usefulness of this procedure, that is not usually the case. When the primary binding 
reaction in solution is that between an antibody and an antigen, these KinExA 
assays are very convenient because anti-species secondary antibodies labeled with 
a variety of fluorescent molecules are available from many commercial sources. In 
those cases in which the primary binding reaction involves proteins other than anti- 
bodies, poly- or MAbs to many physiologically significant proteins of interest are 
widely available, such antibodies may be readily covalently coupled to fluorescent 
molecules using commercially available kits. It is anticipated that kinetic exclusion 
assays conducted on the KinExA instrument can be regarded as an attractive alter- 
native to more labor-intensive, time-consuming methods for studying protein-bind- 
ing interactions. 

3. Regardless of the experimental approach used to quantify binding, the ability to 
quantify very high-affinity binding interactions (Kj much less than 1.0 nM) is lim- 
ited by two constraints: i) the time required to achieve practical equilibrium, which 
depends primarily upon the value of the unimolecular dissociation constant for the 
bimolecular binding reaction. This is a serious practical limitation in the study of 
high-affinity interactions, since a binding reaction in which dissociation of the 
complex occurs with a rate constant of 10" 5 s _1 will only be 87.5%, or three half- 
lives, of the way to completion after 48 h of incubation; and ii) the necessity of gen- 
erating a fluorescence signal sufficient for reliable quantification. This is a less 
serious problem because free protein is accumulated and concentrated on the 
beads. In order to achieve reliable equilibrium-binding data, it is necessary to 
ensure that the total concentration of antibody is equivalent to or less than the equi- 
librium dissociation constant for the binding reaction. For high-affinity interactions 
in which one must use a low concentration of the binding protein, an acceptable flu- 
orescence signal can be obtained in the KinExA with very dilute antibodies by sim- 
ply increasing the volume of the dilute equilibrium reaction mixture drawn past the 
beads. Our laboratories have quantified equilibrium dissociation constants in the 
low pM range using individual KinExA assays of less than 30 min each (ref. //, 
and data not shown). Studies on interactions of even higher affinity become prob- 
lematic because of the time required to achieve practical equilibrium in solution 
before analysis. 

4. The ability to quantify low-affinity binding interactions in solution is equally 
broad. On the one hand, the rapid dissociation of low-affinity complexes means that 
proteins complexed with soluble ligands will dissociate and be able to bind to the 
high-affinity ligand immobilized on the solid phase during the short time that each 
portion of the sample is exposed to the beadpack. However, the high concentration 
of soluble ligand required to produce a particular equilibrium concentration of low- 
affinity protein-ligand complexes means that the soluble ligand can effectively 
compete with the immobilized ligand by rapidly rebinding the newly dissociated 
protein. It is anticipated that individual components in a low-affinity solution reac- 
tion mixture would remain in rapid equilibrium as small amounts of free protein 
were removed by the high-affinity binding to immobilized ligand on the beads. The 
strategy that would yield the most reliable value for the bimolecular association- 
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rate constant for the solution binding reaction under these conditions is thus one in 
which the amount of free protein captured on the beadpack was as small a portion 
of the total protein as possible (thus, the solution reaction would be perturbed as lit- 
tle as possible). This could be accomplished experimentally by increasing the total 
protein concentration, decreasing the concentration of immobilized ligand on the 
beads, and/or decreasing the time of exposure to the beads (by increasing the flow 
rate). Our laboratories have quantified equilibrium dissociation constants in the 
mM range, although the error in the data appears to increase as the affinity 
decreases (data not shown). 
5. One limitation of this method is its inability to quantify bimolecular association- 
rate constants for low-affinity binding interactions, because of the finite time 
required to transport the newly mixed binding reagents from the point of mixing to 
the beadpack. The difficulty in studying the kinetics of low-affinity interactions is 
that the combination of high unimolecular dissociation-rate constants and the high 
concentrations of soluble ligand required to form protein-ligand complexes dictate 
that equilibrium is achieved in solution reaction mixtures well within the 7 s needed 
for the newly formed mixture to encounter the beadpack. Kinetic studies on bind- 
ing reactions with unimolecular dissociation-rate constants of 1.0 s _1 or higher 
(corresponding roughly to equilibrium dissociation constants on the order of 1.0 
liM or higher for reactions with association-rate constants on or around 10 6 M _1 s _1 ) 
are usually not possible with this method. In principle, one could extend the range 
of binding reactions amenable to kinetic studies by moving the observation cell 
closer to the point of mixing and by increasing the flow rate over the beadpack, 
although the latter change is of limited value because it would also serve to 
decrease the magnitude of the fluorescence signal. It is unlikely that these proposed 
changes in the current configuration of the KinExA instrument would extend the 
range of dissociation constants of value to kinetic studies by more than a single 
order of magnitude. 
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Characterization of Antibody-Antigen Interactions 
by Fluorescence Spectroscopy 

Sotiris Missailidis and Kevin Brady 



1. Introduction 

Fluorescence spectroscopy is a widely used technique for the characteriza- 
tion of molecular interactions in biological systems. It is highly sensitive, and 
allows measurements at low sample concentrations (down to 10~ 7 M). It is also 
available at a reasonably low equipment cost. These features make fluores- 
cence spectroscopy an attractive technique as compared to other forms of opti- 
cal spectroscopy. 

Fluorescence is a three-stage process that occurs in certain molecules known 
as fluorophores or fluorescent dyes (generally polyaromatic hydrocarbons or 
heterocycles). The process leading to fluorescence emission from such mole- 
cules is illustrated by the Jablonski diagram (Fig. 1). The first stage is the exci- 
tation step, in which the fluorophore absorbs a photon of energy hvnx an d 
becomes an excited electronic singlet state (Si')- The excitation wavelength is 
usually the same as the absorption wavelength of the fluorophore. The second 
stage is the excited-state lifetime, when the excited state exists for a finite 
period of time (typically 1-10 x 10~ 9 s). During this period, the fluorophore 
undergoes conformational changes and is also subject to possible interactions 
with its molecular environment, with two important consequences. First, the 
energy of S \ is partially dissipated, yielding a relaxed singlet excited state (S i) 
from which fluorescence emission originates. Second, not all the molecules 
initially excited by absorption (stage 1) return to the ground state (So) by fluo- 
rescence emission, as other processes such as collisional quenching, fluores- 
cence energy transfer, and intersystem crossing may also depopulate Si. The 
third stage is fluorescence emission, when a photon of energy Iivem is emitted, 
returning the fluorophore to its ground state So- Because of energy dissipation 
during the excited-state lifetime, the energy of this photon is lower, and thus of 
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Fig. 1 . The Jablonski diagram illustrates the three stages involved in the creation of 
an excited electronic singlet state by optical absorption and subsequent emission of flu- 
orescence. 



a longer wavelength, than the excitation photon Iivex- Consequently, the ratio 
of the number of fluorescence photons emitted (stage 3) to the number of pho- 
tons absorbed (stage 1) represents the fluorescence quantum yield. 

The fluorescence process recurs, and the same fluorophore can be repeatedly 
excited and detected. For polyatomic molecules in solution, the discrete elec- 
tronic transitions represented by hvex and Iivem in Fig. 1 are replaced by broad 
energy spectra known as the fluorescence excitation and fluorescence emission 
spectrum, respectively. With few exceptions, the excitation spectrum of a single 
species in dilute solution is identical to its absorption spectrum. Under the 
same conditions, the fluorescence emission spectrum is independent of the 
excitation wavelength, because of the partial dissipation of excitation energy 
during the excited-state lifetime. The emission intensity is proportional to the 
amplitude of the fluorescence excitation spectrum at the excitation wavelength. 
Fluorescence emission intensity depends on the same parameters as 
absorbance — defined by the Beer-Lambert law as the product of the molar 
extinction coefficient, optical pathlength, and concentration — as well as on the 
fluorescence quantum yield, the intensity of the excitation source, and the effi- 
ciency of the instrument and, in dilute solutions, is linearly proportional to 
these parameters. 

Fluorescence is an absorption/emission phenomenon that has been associ- 
ated with a number of biological molecules and extensively reviewed in the lit- 
erature (1). The induction of fluorescence is determined by the presence of 
certain chromophores within a molecule. When examining proteins, these 
chromophores are found in the aromatic amino acids tryptophan, tyrosine, and 
phenylalanine, which have high densities of delocalized electrons. Of the three 
aromatic amino acids, tryptophan has by far the greatest contribution to the flu- 
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orescence of proteins. Its excitation wavelength is approx 295 nm. The emis- 
sion wavelength varies according to the local environment of the tryptophans — 
e.g., 320 nm for buried residues, and 360 nm for solvent-exposed residues. 

Alterations in the intensity of the tryptophan emission spectrum can be stud- 
ied when an antibody is involved in a binding event. A reduction in the inten- 
sity of the fluorescence emission is observed upon binding of the antibody to its 
antigen. However, such a reduction is dependent upon the presence of trypto- 
phan residues in the vicinity of the antigen-binding pocket that would make 
them susceptible to the minor alterations in the antibody structure upon bind- 
ing, thus resulting in the reduction of their fluorescence emission. This is 
known as fluorescence quenching, and is especially useful when the binding 
partner, the antigen, contains no fluorescent chromophores and is thus invisible 
to the fluorimeter. When studying the intensity of the antibody fluorescent sig- 
nal, the changes observed are solely caused by the change in the environment 
of the tryptophans within the antibody. 

Two methods are described here for the study of antibody-antigen interac- 
tions using fluorescence quenching. The first method is based on keeping the 
antibody concentration constant and varying the antigen concentration accord- 
ingly to achieve various antibody-antigen ratios. This is an inverse titration, in 
which the first point measured is that of the antibody-antigen complex, when 
the antigen is in excess and maximum binding has been achieved. The antigen 
concentration is reduced at subsequent steps as aliquots of the antibody-antigen 
complex are replaced by aliquots of free antibody at the same concentration. A 
final point of free antibody in the absence of antigen is measured. 

The second method is based on continuously increasing antigen concentra- 
tions throughout the titration. This method is a straightforward titration, in 
which the first point is that of free antibody, to which aliquots from a stock anti- 
gen solution are added until antigen is in excess in solution and saturation of all 
antigen-binding pockets of the antibody has been achieved. The data must then 
be normalized as the volume, and thus the concentration of the antibody 
changes every time an antigen aliquot is added to the solution. This method 
presents the significant advantage of using much smaller amounts of antibody 
material. However, normalizing data for volume addition has the potential to 
incorporate errors in a system that is so sensitive to volume changes. It is there- 
fore imperative to know how sensitive your system is to changes in 
volume/concentration before you use this method of analysis. Each of the two 
methods therefore presents certain advantages and disadvantages (see Notes 1 
and 2), which should be considered before an appropriate choice of method is 
made. Furthermore, both methods have a general applicability and can be used 
with other spectroscopic techniques for the analysis of molecular interactions, 
including those of antibody-antigen interactions (see Note 3). 
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The analysis of the data is sometimes as important as taking the experi- 
mental measurements. In the past, many workers have employed the 
Scatchard analysis plots for determining equilibrium association constants 
Ka- Scatchard analysis was first introduced (2) to provide data from straight- 
line plots produced for systems that were completely homogeneous and 
monomeric. An examination of most of the published uses of Scatchard plots 
makes it clear that many workers fit linear plots through nonlinear data. These 
situations oversimplify the binding event, and can incorporate large errors in 
the determination of binding constants. We therefore recommend (see Note 4) 
that users analyze their data using Equation 1 (3,4) or variations of it using 
nonlinear least squares fitting, which would alleviate such problems of data 
fitting: 



Acalc(PO) = 



(El-E2)[(l + K-D + KP0)- A /(l + K-D + K-PO) 2 -4K-KD-PO 

2VK 

Equation 1: Quadratic equation for fitting binding curves. 



-E2-D 



D 



where K is the equilibrium association constant, D is the concentration of anti- 
body, El is the maximum value of Acalc(PO), and E2 is the ratio F /F at F equal 
to F (no antigen present) and therefore equals 1. Acalc(PO) is the calculated 
parameter representing F /F, the maximum fluorescence of the free antibody 
divided by the fluorescent signals obtained in the presence of quenching anti- 
gen. PO is the total antigen concentration. Values of F /F for each antigen con- 
centration vs antigen concentration at each titration point will have to be 
imported. Values of K and El are iteratively manipulated until the best fit of 
line to data is achieved or computer-calculated for best fit. 

2. Materials 

1. Phosphate-buffered saline (PBS): dissolve one PBS tablet (Sigma; Cat. #P4417) in 
200 mL of distilled water to give yield 0.01 M phosphate buffer, 0.0027 M KC1, and 
0.137 M NaCl, pH 7.4; sterile-filter through a 0.22-um filter. 

2. Antibody of interest: store the antibody at -20°C in small aliquots to avoid denatu- 
ration or inactivation from repeated freeze-thaw cycles. 

3. Antigen of interest: Depending on the nature of your antigen — if it is a small pep- 
tide, keep under dry conditions as solid and dissolve in buffer as needed; whereas if 
it is a protein in solution, keep frozen in small aliquots to avoid denaturation or 
inactivation through repeated freeze-thaw cycles. 

4. Measurements can be taken in any fluorimeter available in your laboratory, using 
a fluorescence quartz cuvet. We have used a Perkin-Elmer LS-5 luminescence 
spectrometer. 
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3. Methods 

3. 1. Using Fixed Antibody Concentration 

When using a fixed concentration of the antibody and varying concentra- 
tions of the antigen, one can produce a binding curve from which equilibrium 
constants Ka and Kd can be derived. This method was previously employed by 
Reedstrom et al. (5) for the study of protein-DNA interactions, but it can 
equally be applied to the study of antibody-antigen interactions as well as most 
intermolecular interactions. The method of using fixed antibody concentration 
is in fact a reverse titration, in which the initial measurement is of antibody 
fully saturated by antigen and the last is of free antibody. 

1. Prepare in a fluorescence quartz cuvet a 2-mL solution of the antibody /antigen mix- 
ture. The initial concentration of the antibody should be 0.26 \\,M, expressed in anti- 
gen-binding pockets (or 0.13 [iM of whole IgG molecules); the initial concentration 
of antigen epitopes should be 1.5 |lM. If a multimeric antigen is used, be sure to 
calculate the concentration per epitope and not for the whole antigen. It is generally 
believed that antibody-antigen interactions are straightforward, one-to-one interac- 
tions. However, this is not always the case, and care should be taken in calculating 
the concentration of antigen per epitope and of the antibody per antigen-binding 
pocket. Cooperativity effects can be observed with multimeric antigens with many 
epitopes, and this should be taken into consideration when calculating the associa- 
tion constants (see Note 5). The excess concentration of antigen epitopes (-5.8:1) 
ensures total saturation of all antigen-binding pockets on the antibody. 

2. Prepare a separate free antibody solution, of 10 mL in volume and at the same con- 
centration as that in the cuvet (0.26 \\,M expressed in antigen-binding pockets). 

3. Adjust the fluorimeter settings to: excitation slit width at 5 nm; emission slit width 
at 10 nm; excitation wavelength at 290 nm; and emission wavelength at 345 nm. 

4. Measure the fluorescence emission of the solution (F; observed intensity of fluores- 
cence in the presence of varying amounts of antigen). 

5. Remove from the cuvet 750 uL of antibody/antigen complex solution and replace it 
with 750 uL of the free antibody solution. Allow the mixture to equilibrate for 1 
min and measure the fluorescence emission. 

6. Repeat step 5 for ten consecutive times and record the data. During steps 5 and 6 
the antigen concentration is reduced exponentially over the ten replacements of the 
antibody-antigen mixture with free antibody, while keeping the antibody concen- 
tration unchanged throughout the titration (Fig. 2). 

7. Clean the cuvet and fill it with the remainder of the pure antibody solution. Take the 
measurement of the emission. This value will give you the fluorescence emission of 
free antibody in solution (F ). Fit the data using Equation 1 (3,4) or variations of it 
using nonlinear least squares fitting. You can use this equation in any curve-fitting 
program available in your laboratory. We have used this equation in two different 
programs, MathCad and Origin. If you are using MathCad for fitting your data, 
then you should perform iterative, manual manipulations to achieve the best fit. If 
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Fig. 2. Relationship between the number of total antigen epitopes and total antigen- 
binding sites over the course of a flourescence quenching experiment (method one). 
The antibody concentration remains constant throughout, and the antigen concentration 
decreases exponentially. Initially there is an excess of antigen epitopes (ratio of 5.8:1, 
antigen: antibody). At about replacement number 4, there is almost a 1 : 1 ratio of antigen 
to antibody. Finally, the antigen concentration decreases to an extent in which there is a 
large excess of antibody binding sites (ratio of 1:19.6, antigen: antibody). In this way, 
the occupancy of binding pockets by antigen changes from fully saturated at the start to 
about 5% occupancy at the end of the experiment. 



you are using Origin, the program will automatically calculate the values for El 
and K to achieve the best fit. 

3.2. Using Increasing Amounts of Antigen 

A direct titration, in which increasing amounts of antigen are added to an 
antibody solution and the change in fluorescence is measured at each addition 
point, can also be employed for the identification of equilibrium binding con- 
stants. This method is based on the work of Parker (6), in which small aliquots 
of antigen are added to a solution of antibody, and the signal is monitored. The 
signal is normalized for the dilution effect of adding the antigen to the antibody 
solution. Ka is then determined by plotting the data. This is a direct titration, in 
which the first point is that of free antibody and the last point is with the anti- 
body fully saturated by antigen. 
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1. Prepare 2.5 mL of an antibody solution at a concentration of 0.12 |xM in PBS, pH 
7.4 (0.018 mg/mL for an IgG antibody). This equals an antigen-binding pocket 
concentration of 0.24 \xM. 

2. Place 2.0 mL of the antibody solution in a 3-mL fluorescence quartz cuvet of 1-cm 
cell path length. 

3. Adjust the fluorimeter settings to: excitation slit width at 5 nm; emission slit width 
at 10 nm; excitation wavelength at 290 nm; and emission wavelength at 345 nm. 

4. Measure the fluorescence emission of the free antibody solution (F ; observed 
intensity of antibody fluorescence in the absence of its antigen). 

5. Prepare an antigen solution in PBS at a concentration of 60 |XM. The large differ- 
ence in concentration between the antigen and antibody lessens the need for adding 
large volumes to the antibody solution in step 6, thus minimizing the dilution effect 
on fluorescence emission. 

6. Add l-|iL aliquots of the antigen solution to the cuvet. Mix well and measure the 
fluorescence emission (F: observed fluorescence in the presence of varying 
amounts of antigen). Each addition of an antigen aliquot will add a concentration of 
0.03 |lM of antigen to the antibody solution. 

7. It will take you eight additions (experimental points) before you almost reach the 
one-to-one ratio (antigen epitope to antigen-binding pocket). Make sure you con- 
tinue your titration to an excess of antigen to antibody, until you achieve several 
points where the fluorescence does not change (or decreases very slightly because 
of dilution effects) from measurement to measurement. If your antigen is not as sol- 
uble and you have difficulties achieving such concentrations, prepare your antigen 
in as concentrated a form as possible, making sure to adjust the volumes of the anti- 
gen aliquots added to the antibody solution for each measurement. 

8. Record the fluorescence emission (F; observed intensity of fluorescence in the pres- 
ence of varying amounts of antigen) at each step of your titration. 

9. Correct for dilution effects resulting from the addition of antigen to your antibody 
solution. Dilution effects of titrating antigen solution into the antibody solution 
should be determined by titrating PBS into 2 mL of antibody solution as a control. 

10. Plot your data F /F vs the antigen concentration, using Equation 1 (see Subhead- 
ing 1.) or any of the available equations for the fitting of binding data, based on 
nonlinear squares fitting, that would result in the calculation of the association 
equilibrium constant that represents the binding affinity of your antibody for the 
given antigen (see Subheading 3.1., step 7). For fitting data resulting from this 
method, be sure to consider the dilution in antigen concentration caused by the 
change in votal volume after each addition of antibody solution. 

4. Notes 

1. Method one, in which fixed antibody colcentration is used throughout the titration, 
has an obvious advantage — the concentration of the antibody does not change, thus 
resulting in more accurate data and equilibrium-constant determination. Therefore, 
method one should be used, especially if the system is susceptible to changes 
depending on concentration, or is concentration/volume sensitive in any way. 
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Fig. 3. Monovalent binding of antibody to antigen. 



2. Method two presents an advantage over method one because much smaller 
amounts of antibody are utilized. If sample volume is of the essence, then method 
two is obviously preferred. However, if at all possible, you would be advised to 
compare at least once the two methods in your system to determine if and how 
much concentration/volume changes are affecting your measurements. 

3. Both methods described here could be used for any other titrations using optical 
spectroscopy, such as ultraviolet (UV) or Circular Dichroism (CD) spectroscopy. 
The only difference is that these techniques require higher concentrations, and you 
should adjust your concentrations accordingly to get the required signal. A 10-fold 
higher antibody concentration (approx 2.3 x 10" 6 M or 0.35 mg/mL for an IgG anti- 
body) is usually required to obtain a sufficient signal in the UV and CD spec- 
trophotometer in order to perform a titration and obtain equilibrium binding 
constants. Furthermore, it should be noted here that if you have access to a CD 
spectrophotometer, you can also obtain structural information about your antibody, 
or changes that occur upon antigen binding, by analyzing the CD spectra in any of 
the software programs available for CD data analysis. 

4. Avoid using Scatchard analysis for fitting your data. It is an outdated and oversim- 
plified representation of the binding event, and can incorporate significant errors in 
the calculations of the equilibrium binding constants. 

5. It is generally accepted that antibody-antigen interactions are classic cases of one- 
to-one interactions without any cooperativity effects. The antigen-binding site is 
believed to accommodate a single hapten molecule, and studies also indicate that 
binding sites in immunoglobulins do not interact in binding of haptens in solution. 
However, this is not always the case, and avidity can play a part in some experi- 
ments in which polymeric antigens with more than one epitope bind to the same 
antibody's binding sites. This should be taken into account when analyzing the data 
obtained from such experiments. When one epitope is available per antigen, the 
association constant reflects that of the single interaction between one epitope and 
one binding site, with no avidity effects occurring and comparable to association 
constants described in the literature for antibodies interacting with single epitope 
molecules. Such an interaction is illustrated in Fig. 3. Polymeric antigens with 
many epitopes may allow two epitopes on the same molecule to interact simultane- 
ously with the same antibody. The possibility of avidity effects on the binding inter- 
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Fig. 4. Monovalent and multivalent binding of polymeric antigens with multiple epitopes. 



actions thus exists. It is important to utilize an accurate binding model that would 
account for such an interaction (Fig. 4). The binding models for mono- and multi- 
valent binding interactions are shown in Equation 2. For monovalent interactions, 
Ka, the equilibrium association constant can be described as: 



K A 
Ab + Ag o AbAg 



(2) 



K A = 



[AgAb] 
[Ag][Ab] 



Multivalent interactions require a more complex model. The following exam- 
ple shows the interaction between an antibody Ab@) with two binding pockets and 
an antigen Ag( 3 ) with three epitopes. (AbAg) represents a binding pocket/epitope 
complex. Numbers in subscript indicate unbound binding pockets/epitopes. 



Kai K A i 

Ab (2) + 2Ag (3) o Ab (l) (AbAg)Ag (2) + Ag {3) o 2{AbAg)Ag (2) 



Or 



Ab {2) +Ag {3) o Ab m (AbAg)Ag {2) ^ (2(AbAg))Ag {l) 



Excess[Ag] 



Excess[Ab] 



Ka2 > Kai 



_ [Ab { i)(AbAg)Ag (2) ] 
[Ab {2) ][Ag {3) ] 



K A i = L r v " ' -ir ~i~' J and k a\ = ■ 



[(AbAg)Ag {2) f 



[Ab m (AbAg)Ag {2) ][Ag {3) ] 
Rearrange to substitute out the Ab (1) (AbAg)Ag (2 ) term to give 



440 Missailidis and Brady 

[(AbA g )A g{2) ] 

Al ~ It ir i (3) 

^Ab {2) \[Ag {3) \ 

Then 

Ka2= [{2(AbAg))Ag (1) ] (4) 

[Ab m (AbAg)Ag (2) ] 

Substitution into Equation 4 also gives: 

Ka2= [(2(AbA g ))A g{l) ] ^^ 

K M x^[Ab {2) ][Ag {3) ] 

There are two equilibrium association constants K A \ and K A2 depending on 
the concentration of antigen in the mixture. In antigen excess, there is monova- 
lent binding with each antibody that associates with one epitope on two separate 
antigen molecules. This gives the association constant which represents the true 
affinity of the interaction, K A \. In antibody excess, there is bivalent binding of 
one antibody molecule to two epitopes on the same antigen molecule. This 
yields the association constant, which incorporates in part the true affinity, as 
well as avidity, K A2 . So, when analyzing the data obtained, it is important to do 
two fittings. For points measured at antigen excess, the graph is produced using 
the monovalent binding model. For points at antibody excess, the graph is fitted 
using the bivalent model. K A2 is greater than K A j and the association rate is 
higher for K A2 . This is because the second epitope has lost entropy as a result of 
the complex formed on the same antigen molecule by the first epitope. In effect, 
the binding of one epitope restricts the conformational space the rest of the anti- 
gen molecule can explore before finding a free antigen-binding pocket. The like- 
lihood of associating with the remaining free antigen-binding pocket on the 
same antibody molecule is much higher because of closer proximity. 
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Antibody Epitope Mapping Using Arrays 
of Synthetic Peptides 

Ulrich Reineke 



1. Introduction 

The identification of antibody epitopes and their characterization at the amino 
acid level is extremely important. Understanding antibody specificity at the mol- 
ecular level provides the key to optimizing their use as research or diagnostic 
tools as well as their application as therapeutic agents. Among other techniques, 
the use of chemically prepared arrays of protein sequence-derived short peptides 
has emerged as a powerful tool to identify and characterize antibody epitopes. In 
particular, the SPOT synthesis technique (1,2), which is described in detail in this 
chapter, is extremely well-suited for this purpose, and has been widely used for 
epitope mapping and a variety of other applications. Three different types of pep- 
tide libraries are described: i) Protein sequence-derived scans of overlapping pep- 
tides (peptide scans) (3,4) used to locate and identify antibody epitopes 
(Subheading 3.4.1.)- ii) Truncation libraries used to identify the minimal peptide 
length required for antibody binding. In these libraries, amino acids from the ter- 
mini of a peptide previously identified by a peptide scan are systematically omit- 
ted (Subheading 3.4.2.). iii) Finally, complete substitutional analyses to identify 
the key residues important for antibody binding (Subheading 3.4.3.)(5). 

1. 1. The Principle of the SPOT Synthesis Technique 

The SPOT synthesis concept, a highly parallel and technically simple 
approach, was developed by Ronald Frank (1,2). This method is very flexible 
and economical in comparison to other multiple solid-phase procedures, par- 
ticularly with regard to miniaturization and array geometries. The basic princi- 
ple involves the positionally addressed delivery of small volumes of activated 
amino acid solutions directly onto a coherent membrane sheet. The areas wet 
by the resulting droplets can be considered as micro-reactors provided that a 
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nonvolatile solvent is used. One standard membrane support material is cellu- 
lose, but other membranes are also used (Subheading 3.2.) The SPOT synthe- 
sis of peptide arrays uses the Fmoc strategy following the general scheme 
outlined in Fig. 1. The peptide libraries can be synthesized manually without 
great effort in non-specialized laboratories simply by pipetting activated amino 
acids onto predefined spots on the functionalized membrane. Depending on the 
viscosity of the amino acid solution and the type of membrane used, a drop of 
1 iiL results in a spot of approx 0.7 cm in diameter. Washing, capping, and 
deprotection steps — which are the same for all the peptides on the membrane — 
are carried out in a stainless steel dish by rinsing and shaking with the appro- 
priate solvents and reagents. In order to facilitate the numerous pipetting steps 
required for SPOT synthesis, an automated SPOT synthesizer was developed 
and is briefly described in Subheading 3.8. 

Usually, peptides between 4 and 15 amino acids in length are synthesized. 
Peptides of this length are certainly sufficient to identify linear — although not 
usually discontinuous — antibody epitopes, and have purities similar to peptides 
synthesized by solid-phase methods in reactors. However, longer peptides can 
also be synthesized, and give reliable screening results (6). 

Since its introduction, the SPOT method has become a widely used approach, 
mainly because of the following advantages: i) The highly parallel synthesis for- 
mat permits rapid simultaneous synthesis of many different peptides. Several 
hundred peptides can be prepared manually within 2-3 days, ii) The technique is 
very economical compared to other solid-phase synthesis methods because only 
very small amounts of reagents are used. Depending on the peptide length and 
the spot size, each spot represents between 5 and 100 nmol of the respective pep- 
tide, an amount sufficient to detect antibody binding, iii) The peptide arrays are 
synthesized on cellulose membranes that are compatible with many biological 
screening systems — for example, conventional enzyme-linked immunosorbent 
assay (ELISA) or Western blot procedures. All the array peptides are probed 
directly and simultaneously, e.g., for antibody binding, on the synthesis support. 
The sequence of any active peptide is already recorded on the sequence list for 
the array synthesis, so no coding or decoding procedures are necessary, iv) Usu- 
ally, the peptide membrane can be reused several times, v) In addition to the pro- 
teinogenic amino acids, a variety of unnatural building blocks such as D-amino 
acids or (3-amino acids can be used. Furthermore, arrays of cyclic as well as 
branched peptides and peptidomimetics have been described. 

1.2. Linear vs Discontinuous Epitopes 

Two different types of epitopes must be considered. In linear (continuous) 
binding sites, the key amino acids that mediate the contacts to the antibody are 
located within one part of the primary structure, usually not exceeding 15 amino 
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SPOT Definition 

* membrane selection 

* marking of the spots with a pencil 

- spotting of 0.3 M Fmoc-|(-alanine-OPfp (double coupling with 10 min 

reaction time each} 

* capping of nonacylated amino functions (20% DIPEA, 10% acetic anhydride 

in DMF, 5 min without shaking and 20 min with shaking) 

■ washing with DMF (5 x 3 min) 

■ Fmoc-deprotection: 20% pi peri dine in DMF (20 min) 

* washing with DMF (5x3 min) 

* washing with methanol (2 x 3 min) 

* staining with bromophenol blue 

- washing with methanol [3 min) 

* drying 




Stepwise Peptide Synthesis 

• spotting of Fmoc-protected activated amino acids (double coupling of 
6M solutions, f5 min reaction time each) 

■ washing with DMF (3x3 min) 

■ optional capping [20% DIPEA, 10% acetic anhydride in DMF. 20 min) 

■ washing with DMF (5x3 min) 

■ Fmoc-deprotection; 20% piperidine in DMF (20 min) 

■ washing with DMF (5x3 min) 

■ washing with methanol (2 x 3 min) 

■ staining with bromophenol blue 

■ washing with methanol (3 min) 
' drying 



o 



AMerminal Modification 

■ incubation with acetan hydride solution (2 x 15 min) 

■ washing with DMF (5x3 min) 

■ washing with methanol (2x3 min) 

■ drying 



Side Chain Deprotection 

■ 95% TFA, 3% triisobutylsilane, 2% water (1 h without shaking) 

• washing with DCM (5 min without shaking, 2x3 min with shaking) 

■ 95% TFA, 3% triisobutylsilane, 2% water (1 h without shaking) 

• washing with DCM (5 min withouf shaking, 2x3 min with shaking) 

■ washing with DCM (2x3 min) 
- washing with DMF (3x3 min) 

■ washing with methanol (2x3 min) 



Fig. 1. General scheme summarizing the SPOT synthesis process. 
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acids in length. Peptides that span these sequences have affinities to the antibody 
that are within the range shown by the entire protein antigen. In discontinuous 
(conformational) binding sites, the key residues are distributed over two or more 
binding regions that are separated in the primary structure. Upon folding, these 
binding regions are brought together on the protein surface to form a composite 
epitope. Even if the complete epitope forms a high-affinity interaction, peptides 
that cover only one binding region — as synthesized in a scan of overlapping pep- 
tides — have very low affinities, which often cannot be measured in normal 
ELIS A or surface plasmon resonance (SPR) experiments. The mapping of linear 
epitopes using the protocols described here is an easy and straightforward 
approach. The incubation of a peptide scan results in the identification of one or 
a few consecutive overlapping peptides that are able to bind the antibody under 
investigation. On the other hand, the identification of discontinuous epitopes can 
fail because of the low affinities described here. Several publications have 
described the mapping of these epitopes (7), in which two or more binding 
regions are identified in the peptide scan. In general, the mapping of discontinu- 
ous epitopes is facilitated by employing an enzyme-labeled primary antibody 
(Subheadings 3.9., 3.10., and 3.11.). An alternative procedure for mapping con- 
formational epitopes is described in Chapter 27. 

1.3. Polyclonal vs Monoclonal Antibodies (MAbs) 

The techniques described here are used for epitope mapping of monoclonal 
as well as polyclonal antibodies. Two or more antibody binding regions may be 
observed for polyclonal antibodies, but in this case it is not possible to deter- 
mine whether the active peptides represent linear epitopes or different binding 
regions of discontinuous epitopes. 

1.4. Other Applications 

This chapter addresses only the synthesis and application of peptide arrays 
prepared by SPOT synthesis for the mapping of antibody epitopes. During the 
last decade, many other applications have emerged, including paratope map- 
ping; mapping of protein-protein interactions in general; identification of 
kinase and protease substrates and inhibitors; identification of metal ion, DNA, 
or co-factor binding peptides; and many others. These were accompanied by 
the development of novel types of peptide libraries and array-based assay tech- 
niques. These diverse applications are reviewed in detail elsewhere (8-11). 

2. Materials 

2. 1. General Equipment 

1. Stainless-steel dish with a good closing lid that is slightly bigger than the peptide 
array membrane. 
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2. A rocker table, e.g. Rocky (Frobel Labortechnik, Lindau, Germany). 

3. A pipet adjustable from 0.5-10 ilL with suitable plastic tips. A multistep version is 
highly recommended. 

4. A fume cupboard for handling solvents and reagents. The rocker table must fit into 
the fume cupboard. 

5. A pH-meter for adjusting the buffer solutions. 

2. 1. 1. General Remarks for Organic Solvents 

The purity of /V,/V-dimethylformamide (DMF) and l-methyl-2-pyrrolidone 
(NMP) is critical for the peptide synthesis process, since their degradation can 
result in free amines that lead to premature deprotection of the Fmoc group or 
decomposition of amino acid active esters. This will reduce the yield of full- 
length peptide, and can cause byproduct formation. In order to ensure that 
DMF or NMP free of amines is used, add 10 \lL of 1% bromophenol blue solu- 
tion in DMF to 1 mL of NMP or DMF in a 1.5-mL tube and mix thoroughly. 
Let this stand for 5 min and then observe the color: yellow indicates that it is 
satisfactory to use, and yellow/green or blue/green means that it should not be 
used. 

2.2. Membranes for Peptide Arrays 

1. Amino-functionalized membranes are commercially available from AIMS Scien- 
tific Products (http://www.airns-scientific-products.de). 

2.3. Array Formatting 

1. Fmoc-P-alanine-OPfp solution: 0.3 M Fmoc-(3-alanine-OPfp in dimethyl sulfoxide 
(DMSO). 

2. DMF, peptide synthesis grade. Caution: DMF is toxic. It may cause harm to an 
unborn child, is harmful through inhalation and through contact with the skin, and 
is irritating to the eyes. 

3. Acetanhydride solution: 10% acetanhydride, 20% Af,7V-diisopropylethylamine 
(DIPEA) in DMF. Freshly prepare this solution prior to use. 

4. Piperidine solution: 20% piperidine in DMF. 

5. Methanol. 

6. Staining solution: 0.01% (w/v) bromophenol blue in methanol. This solution 
should be yellow or orange, and must be discarded if it becomes green or 
green/blue. 

2.4. Library Design 

1. Standard word processing software can be used. 

2.5. Stepwise Peptide Synthesis 

1. All amino acids are applied as 9-fluorenylmethoxycarbonyl (Fmoc)-protected 
active esters (see Table 1). Prepare 0.6 M stock solutions of all amino acids except 
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Table 1 

L-amino Acid Derivatives for SPOT Synthesis 







mW 


0.6 M 


0.6 M 


0.6 M 




Amino Acid 


[g/mol] 


200 nL 


400 [lL 


1.0 mL 


A 


Fmoc-Ala-OPfp 


477.4 


57.3 


114.6 


286.4 


C 


Fmoc-Cys(Trt)-OPfp 


751.8 


90.2 


180.4 


451.1 


D 


Fmoc-Asp(OtBu)-OPfp 


577.5 


69.3 


138.6 


346.5 


E 


Fmoc-Glu(OtBu)-OPfp 


591.5 


71.0 


142.0 


354.9 


F 


Fmoc-Phe-OPfp 


553.5 


66.4 


132.8 


332.1 


G 


Fmoc-Gly-OPfp 


463.2 


55.6 


111.2 


277.9 


H 


Fmoc-His(Boc)-OPfp 


643.6 


77.2 


154.5 


386.2 


I 


Fmoc-Ile-OPfp 


519.5 


62.3 


124.7 


311.7 


K 


Fmoc-Lys-(tBoc)-OPfp 


634.6 


76.1 


152.3 


380.8 


L 


Fmoc-Leu-OPfp 


519.5 


62.3 


124.7 


311.7 


M 


Fmoc-Met-OPfp 


537.5 


64.5 


129.0 


322.5 


N 


Fmoc-Asn(Trt)-OPfp 


762.8 


91.5 


183.1 


457.7 


P 


Fmoc-Pro-OPfp 


503.4 


60.4 


120.8 


302.0 


Q 


Fmoc-Gln(Trt)-OPfp 


776.8 


93.2 


186.4 


466.1 


R 


Fmoc-Arg(Pbf)-OPfp 


814.9 


97.8 


195.6 


488.9 


S 


Fmoc-Ser(tBu)-OPfp 


549.5 


65.9 


131.9 


329.7 


T 


Fmoc-Thr(tBu)-OPfp 


563.5 


67.6 


135.2 


338.1 


V 


Fmoc-Val-OPfp 


505.4 


60.6 


121.3 


303.2 


w 


Fmoc-Trp(tBoc)-OPfp 


692.4 


83.1 


166.2 


415.4 


Y 


Fmoc-Tyr(tBu)-OPfp 


625.6 


75.1 


150.1 


375.4 



The amounts for the preparation of 200 uL, 400 |lL, and 1 mL of the 0.6 M stock solutions are 
given. 



for arginine. Use NMP as solvent except for serine and threonine. These amino 
acids should be dissolved in DMF Use 0.5-mL or 1.5-mL reaction tubes. Test NMP 
and DMF regularly for free amines as described in Subheading 2.1.1. The solu- 
tions are stable at -20°C for several days. The arginine solution must be prepared 
freshly each working day. Calculate the consumption for each peptide array care- 
fully, because the reagents are quite expensive. If necessary, vortex or sonicate to 
dissolve the amino acid derivatives. Store at -20°C. Allow to warm up to room tem- 
perature prior to use. Discard the stock solutions if precipitates are observed. 

2. DMF. 

3. Piperidine solution: 20% piperidine in DMF. 

4. Methanol. 

5. Staining solution: 0.01% (w/v) bromophenol blue in methanol. This solution 
should be yellow or orange, and must be discarded if it becomes green or 
green/blue. 
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2.6. Acetylation of the N-terminus 

1. Acetanhydride solution: 10% acetanhydride, 20% DIPEA in DMF. Prepare this 
solution freshly prior to use. 

2. DMF. 

3. Methanol. 

2.7. Side-Chain Deprotection 

1. Deprotection solution: 95% trifluoroacetic acid (TFA), 3% triisobutylsilane, and 
2% water. TFA is toxic and very corrosive, and should be handled with the greatest 
caution. Do not mix TFA and DMF waste, as it can undergo an exothermic and 
explosive reaction. Consult your safety officer for approved handling and disposal 
procedures. 

2. Dichloromethane (DCM). 

3. DMF. 

4. Methanol. 

2.8. Automated Spot Synthesis 

1. Automated SPOT synthesizer (INTAVTS Bioanalytical Instruments; http://www. 
intavis.com/html/autospot.html). 

2.9. Screening of Peptide Arrays 

1. Methanol. 

2. Tris-buffered saline (TBS): 50 mM Tris-HCl, pH 8.0, 137 mMNaCl, 2.7 mM KC1. 

3. T-TBS: TBS containing 0.05% Tween 20. 

4. Blocking buffer: e.g., 1 equivalent of the blocking reagent delivered together 
with the BM chemiluminescence blotting substrate (POD) (Roche Diagnostics; 
Cat. #1 500 708) to 9 equivalents of TBS. 

5. Primary antibody solution: Dilute the monoclonal antibody of interest to 0.1-3.0 
|ig/mL in blocking buffer. Polyclonal sera should be diluted between 1:100 and 
1:10,000 in blocking buffer. 

2.70. Detection of Antibody Binding by Chromogenic Substrates 

1. T-TBS: (see Subheading 2.9.). 

2. Blocking buffer (see Subheading 2.9.). 

3. Secondary antibody solution (alkaline phosphatase conjugated): dilute the antibody 
to 1.0 |lg/mL in blocking buffer or follow the instructions of the supplier for West- 
ern blotting protocols. Make sure that the secondary antibody corresponds to the 
species and antibody class of the primary antibody under investigation. 

4. Nitroblue tetrazolium (NBT) stock solution: dissolve 500 mg NBT in 10 mL of 
70% DMF in water. The stock solution is stable for at least 1 yr if stored at 4°C. 

5. Bromochloroindolyl phosphate (BCIP) stock solution: dissolve 500 mg BCIP dis- 
odium salt in 10 mL of DMF. The stock solution is stable for at least 1 yr if stored 
at4°C. 
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6. Alkaline phosphatase buffer: 100 mM NaCl, 5 mM MgCl 2 , 100 mM Tris-HCl, pH 
9.5. 

7. Enzyme substrate solution: add 330 \\L of NBT stock solution to 50 mL of alkaline 
phosphatase buffer. Mix well and add 165 |lL of BCIP stock solution. The enzyme 
substrate solution must be used within 1 h. 

8. Stop solution: 20 mM EDTA in phosphate-buffered saline (PBS: 9.2 mM 
Na 2 HP0 4 , 1.6 mM NaH 2 P0 4 , 150 mM NaCl, pH 7.4). 

2.11. Detection of Antibody Binding by Chemiluminescence 

1. T-TBS (see Subheading 2.9. and Note 1). 

2. Blocking buffer (see Subheading 2.9.). 

3. Secondary antibody solution (peroxidase-conjugated): dilute the antibody to 
1.0 Ug/mL in blocking buffer or follow the instructions of the supplier for Western 
blotting protocols. Make sure that the secondary antibody corresponds to the species 
and antibody class of the primary antibody under investigation (see Note 1). 

4. Chemiluminescence substrate [e.g., BM Chemiluminescence Blotting Substrate 
(POD), Roche Diagnostics; Cat. #1 500 708]: Mix luminescence substrate solution 
A and starting solution B 100:1 just before developing the peptide array. Other 
chemiluminescence substrates can also be used. 

5. X-ray films, film cassette, and developing equipment or a chemiluminescence 
imager, e.g., Lumilmager (Roche Diagnostics). 

2. 12. Reutilization of Peptide Arrays 

1. Regeneration buffer I: 62.5 mM Tris-HCl, pH 6.7, 2% SDS in water. Add 70 uL of 
2-mercaptoethanol per 10 mL of SDS buffer prior to regeneration. Use this buffer 
only in an operating fume cupboard because of the pungent smell of 2-mercap- 
toethanol. 

2. 10X T-TBS: 500 mM Tris-HCl, pH 8.0, 1.37 M NaCl, 27 mMKCl, 0.5% Tween 20. 

3. Regeneration buffer IIA: 8 M urea, 1% SDS, 0.1% 2-mercaptoethanol in water. Use 
this buffer only in an operating fume cupboard because of the pungent smell of 2- 
mercaptoethanol. 

4. Regeneration buffer IIB: for 1 L, mix 400 mL of water, 500 mL of ethanol, and 100 
mL of acetic acid. 

3. Methods 

3. 1. General Overview 

The protocols described in this chapter fall into two categories. In Subhead- 
ings 3.2-3.8., the synthesis of different protein sequence-derived peptide 
library arrays is described. In Subheadings 3.9.-3.13., all processes for screen- 
ing, regeneration, and storage of the peptide arrays are addressed. Solvents or 
solutions used in washing or incubation steps are always gently agitated on a 
rocker table at room temperature unless otherwise stated. During incubations 
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and washings, the dishes are closed with a lid. Calculate the consumption of 
solvents and reagents carefully before starting the synthesis. 

3.2. Membranes for Peptide Arrays 

Membranes for the synthesis of peptide arrays are commercially available 
from AIMS Scientific Products GmbH, Mascheroder Weg IB, D-38124 Braun- 
schweig, Germany (http://www.aims-scientific-products.de). Amino-function- 
alized cellulose APEG-membranes with a peptide loading of 400 nmol/cm 2 are 
recommended and are supplied in different sizes, e.g., 8x12 cm or 10 x 15 cm. 
As an alternative, self-prepared synthesis membranes based on Whatman 50 
filter paper can be used. Protocols for membrane preparation have already been 
described (1,8,12). The membranes must be handled with gloves during the 
entire process described here. In addition, tweezers are recommended for han- 
dling wet membranes because they simplify the handling and avoid tearing. 

3.3. Array Formatting 

The SPOT method is particularly flexible with respect to spot numbers and 
layout of the array. Any desired array can be designed to fit the individual needs 
of an experiment. If necessary, the membrane can easily be cut with scissors to 
obtain a suitable membrane size. A standard format for the arrays is the 8x12 
array that corresponds to the 96-well microtiter plates. 

All washing steps must be carried out on a rocker table that must be set up in 
an operating fume cupboard for safety reasons. 

1. Mark as many spots as needed for the peptide library in a suitable configuration on 
the membrane support using a soft pencil. Graphite is stable against all the chemi- 
cals and solvents used during the synthesis and screening steps. The spots should 
be spaced at a distance of 1.5 cm in order to avoid cross-contamination of neigh- 
boring spots during synthesis. To facilitate the stepwise synthesis process (Sub- 
heading 3.5.), the spots can also be numbered using the pencil. 

2. Use a 0.3 M Fmoc-P-alanine-OPfp solution in DMSO (see Note 2) for the first cou- 
pling step. A volume of 1.0 uL must be spotted on each predefined position of the 
peptide array (see Note 3). A multistep pipet facilitates this procedure. Repeat this 
spotting step once after a 10-min reaction time to ensure a complete coupling. Go 
to step 3 after a second 10-min reaction time. 

3. Slowly place the membrane in a stainless-steel dish with acetanhydride solution 
(see Note 4). Avoid shaking and air bubbles. After 5 min, pour off the solution and 
incubate the membrane with a sufficient volume of fresh acetanhydride solution for 
20 min. Shake the membrane on a rocker table. This step is carried out to acetylate 
the remaining amino functions that did not react with the Fmoc-(3-alanine-OPfp 
solution in step 2. Thus, defined spots for the peptide library are achieved. 

4. Wash the membrane 5 x with DMF for 3 min each. 
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5. Cleave the Fmoc protecting groups by treatment of the membrane with piperidine 
solution for 20 min. 

6. Wash the membrane 5x with DMF for 3 min each. 

7. Wash the membrane twice with methanol for 3 min. 

8. Rinse the membrane with staining solution (bromophenol blue is an indicator for 
free amino functions). The bromophenol blue solution should remain yellow and 
the spots should become blue, leaving the surrounding membrane white. Treat the 
membrane until an equal blue staining of the spots is achieved. 

9. Wash the membrane with methanol for 3 min to remove the remaining staining 
solution. 

10. Air-dry the membrane. The process can be accelerated by carefully using a hair- 
dryer, operating with cold air. 

3.4. Library Design 

Three different types of protein sequence-derived peptide libraries for anti- 
body epitope identification and characterization are described: scans of over- 
lapping peptides (3,4), truncation analyses, and complete substitutional 
analyses (5). 

3.4. 1. Scans of Overlapping Peptides 

A protein sequence-derived scan of overlapping peptide is used to identify 
the epitope region recognized by an antibody raised against a certain protein. 
Therefore, the entire protein sequence or a region of special interest is dis- 
sected into short linear peptides. Fifteen-mer peptides are recommended, since 
most linear binding sites do not exceed this range (13). Consecutive peptides 
should overlap by 12 amino acids. Shorter overlaps can indicate that important 
peptides are overlooked. In peptide scans derived from proteins containing 
disulfide bonds or free cysteine residues, these residues should be exchanged 
by a similar amino acid such as serine to avoid dimerization and oligomeriza- 
tion of the peptides or covalent linkage to thiols in the screening antibody. As 
an example, a sequence list for a human interleukin-10 (huIL-lO)-derived scan 
of overlapping peptides as well as the screening results for the anti-huIL-10 
mab CB/RS/3 are shown in Fig. 2. The synthesis of a peptide scan requires a 
high degree of concentration because of the irregular order of pipetting steps in 
each synthesis cycle. It is recommended to prepare a pipetting scheme for the 
synthesis cycle and to check off those spotting steps that have been carried out. 

3.4.2. Truncation Analyses 

Peptide epitopes identified from scans of overlapping peptides often com- 
prise dispensable positions resulting from the predefined peptide length (15- 
mers). Thus, truncation libraries are used to narrow down the epitope to the key 
interaction residues. An example of a sequence list for a truncation library 



Human lnterleukin-10 Sequence 



SPGQGTQSENSCTHFPGNLPNMLRDLRDflFSRVKTFFQMKDQLDNLLLKESLLEDFKGYLGCQALSEMIQFYLEE 
VMPQAENQDPD1KAHVNSLGESLKTLRLRLRRCHRFLPCENKSKAVEQVKNAFNKLQEKGIYKAMSEFDIFINYI 

EAYMTMKIRN 

Sequence list for a hll_-10-derived scan of overlapping peptides (15-mers, 12 amino acids overlap). 
Cysteine residues in the wild-type sequence (bold and underlined) are substituted by serine in the 
sequence list of overlapping peptides. 



■ . . 


SPGGGTQSENSSTH 


02. 


QGTQSENSSTHFPG 


03. 


QSENSSTHFPGNLF 


■:. 


NSSTHFPGNLPNML 


05. 


THFPGNLPNMLRDL 




PGNLPNMLRDLRDA 


■ . 


LPNMLRDLRDAFSR 


oe. 


MLRDLRDAFSRVKT 


09. 


DLRDAFSRVKTFFQ 


10. 


DAFSRVKTFFQMKD 


11. 


SRVKTFFQMKDQLD 




KTFFQMKDQLDNLL 


13. 


FQMKDQLDNLLLKE 


■ : . 


KDQLDNLLLKESLL 


15. 


LDNLLLKESLLEDF 


16. 


LLLKESLLEDFKGY 


17. 


KESLLEDFKGYLGS 


. . 


LLEDFKGYLGSQAL 


. ■. 


DFKGYLGSQALSEM 


20. 


GYLGSQALSEMIQr 


21. 


GSQALSEMIQFYLE 


22. 


ALSEMIQFYLEEVM 


23. 


EMIQFYLEEVMPQA 


24. 


QFYLEEVMPQAENQ 


25. 


LEEVMPQAENQDPD 



26. VMPQAENQDPDIKA 

27. QAENQDPDIKAHVN 

28. KQDPDIKAHVNSLG 

29. PDIKAHVNSLGENL 

30. KAHVNSLGENLKTL 

31. VNSLGENLKTLRLR 

32. LGENLKTLRLRLRR 

33. NLKTLRLRLRRSHR 

34 . TLRLRLRRSHRFLP 

35. LRLRRSHRFLPSEN 

36. RRSHRFLPSEMKSK 

37. HRFLPSENKSKAVE 

38. LPSENKSKAVEQVK 

39. ENKSKAVEQVKNAF 

40. SKAVEQVKNAFNKL 

41. VEQVKNAFNKLQEK 

42. VKNAFNKLQEKGIY 

43. AFNKLQEKGIYKAM 

44. KLQEKGIYKAMSEF 

45. EKGIYKAMSEFDIF 

46. IYKAMSEFDIFINY 

47. AMSEFDIF1NY1EA 

48. EFDIFINYIEAYMT 
4 9. IFINYIEAYMTMKI 
50. INYIEAYMTMKIRN 



Incubation of an lnterleukin-10-Derived Peptide Scan with MAb CB/RS/3 
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THFFGN 


LPNMLRDL 




6. 


PGN 


LPNMLRDL 


RDA 


7, 




LPNMLRDL 


RDAFSR 



Fig. 2. Scan of overlapping peptides. The entire human interleukin- 1 (huIL-10) 
sequence (top) is dissected into 15-mer overlapping peptides (12 amino acids overlap), 
resulting in a sequence list for the SPOT synthesis process of a total of 50 peptides 
(middle). The resulting peptide library array was incubated with the anti-huIL-10 mab 
CB/RS/3 (mouse IgG). Subsequently, peptide-bound antibody was detected using a 
peroxidase-labeled secondary antibody in combination with a chemiluminescence sub- 
strate and an imaging system (lower panel). Three consecutive peptides were identified 
that bind mab CB/RS/3. The sequence common to these peptides is framed. 



454 Reineke 



N-terminal truncation 



PGNLPNMLRDLRDA 
-GNLPNMLRDLRDA 
— NLPNMLRDLRDA 

LPNMLRDLRDA 

PNMLRDLRDA 

NMLRDLRDA 

MLRDLRDA 



C-terminal truncation 

8 . PGNLPNMLRDLRD- 

9. PGNLPNMLRDLR — 

10. PGNLPNMLRDL 

11. PGNLPNMLRD 

12. PGNLPNMLR 

13. PGNLPNML 

N-/C-terminal truncations 

14. -GNLPNMLRDLRD- 

15. — NLPNMLRDLR — 

16. LPNMLRDL 

17. PNMLRD 

Fig. 3. Scheme for a truncation analysis peptide library. The active peptide number 
6 from the huIL-10-derived scan of overlapping peptides {see Fig. 2) was subjected to 
N-, C- and bi-directional truncations. 

designed for peptide 6 from the huIL-10-derived scan of overlapping peptides 
is shown in Fig. 3. The truncation library comprises peptides that omit AS C-, 
or N- and C-terminal amino acids. 

3.4.3. Complete Substitutional Analyses 

Complete substitutional analysis is carried out in order to identify the key 
residues of a peptide epitope — i.e., those amino acids that mediate the contact 
with the antibody that cannot be substituted without loss of binding. This type 
of library consists of all possible single-site substitution analogs. A substitu- 
tional analysis library requires an array of 21 columns and as many rows as 
there are amino acids in the peptide of interest (Fig. 4). The starting peptide is 
synthesized in each row of the first column. In the other columns, each position 
is sequentially substituted by all 20 genetically encoded amino acids. In Fig. 4, 
the substitutions are arranged in alphabetical order following their one-letter 
code. Alternatively, the amino acids can be grouped according to their physico- 
chemical properties (e.g., [DE], [KRH], [NQST], [FYW], [ILVM], [APG]). 
Carry out the pipetting steps as described under Subheading 3.5., and follow 
these recommendations for the pipetting order: 
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wt 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 

NLPNMLRDLRDAF 



Ala (A) 

ALPNMLRDLRDAF 
KAPNMLRDLRDAF 
NLANMLRDLRDAF 
NLPAMLRDLRDAF 
NLPNALRDLRDAF 
NLPNMARDLRDAF 
NLPNMLADLRDAF 
NLPNMLRALRDAF 
NLPNMLRDARDAF 
NLPNMLRDLADAF 
NLPNMLRDLRAAF 
NLPNMLRDLRDAF 
NLPNMLRDLRDAA 



Cys (C) 

CLPNMLRDLRDAF 
NCPNMLRDLRDAF 
NLCNMLRDLRDAF 
NLPCMLRDLRDAF 
NLPNCLRDLRDAF 
NLPNMCRDLRDAF 
NLPNMLCDLRDAF 
NLPNMLRCLRDAF 
NLPNMLRDCRDAF 
NLPNMLRDLCDAF 
NLPNMLRDLRCAF 
NLPNMLRDLRDCF 
NLPNMLRDLRDAC 



Asp (D) 

DLPNMLRDLRDAF 
NDPNMLRDLRDAF 
NLDNMLRDLRDAF 
NLPDMLRDLRDAF 
NLPNDLRDLRDAF 
NLPNMDRDLRDAF 
NLPNMLDDLRDAF 
NLPNMLRDLRDAF 
NLPNMLRDDRDAF 
NLPNMLRDLDDAF 
NLPNMLRDLRDAF 
NLPNMLRDLRDDF 
NLPNMLRDLRDAD 
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Fig. 4. Complete substitutional analysis library of the mab CB/RS/3 epitope. In this 
experiment, all possible single-site substitution analogs were synthesized and screened 
for mab CB/RS/3 binding as described in Fig. 2. As an example, the peptide sequences 
of the four left-hand columns are shown at the top. The results after screening for MAb 
CB/RS/3 binding are shown in the Figure. Four key residues were identified — namely, 
asparagine at position 4, arginine at position 7, and the two aspartic acid residues at 
positions 8 and 1 1 . 



1. In the first coupling step, pipet the C- terminal amino acid of the starting peptides 
onto all rows except the last one. 

2. Pipet the same amino acid onto the first spot of the bottom row. 

3. Spot all 20 amino acids successively onto the remaining 20 spots in alphabetical 
order. 

4. Use an analogous procedure for the remaining synthesis steps. 

3.5. Stepwise Peptide Synthesis 

The synthesis of membrane-bound peptides is carried out in an iterative 
process (Fig. 1). This cycle includes double-coupling of activated amino acid 
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solutions, washing with DMF to remove excess amino acids, Fmoc deprotection 
with piperidine solution, washing with DMF and methanol, staining, washing 
with methanol, and drying. Subsequently, the next coupling step is carried out. All 
peptide sequences are written from the A'- terminus (left) to the C- terminus (right). 
However, the peptides are chemically synthesized from C- to the A^-terminus — 
e.g., for the peptide NLPNMLRDLRDAF (Fig. 4) the synthesis steps are: 

All washing steps must be carried out on a rocker table that must be set up in 
an operating fume cupboard for safety reasons. 

1. Spot 1.5 |lL of the activated amino acids onto the respective spots. Use a clean 
pipet tip for each amino acid. As soon as the droplets of activated amino acid 
solutions are added to the spots, coupling proceeds with a conversion of free N- 
terminal amino groups to amide bonds. During elongation of the peptides, a 
larger volume is spotted compared to array formatting {see Subheading 3.3., 
step 2). Thus, incomplete coupling at the edges is avoided. Repeat this step after 
a reaction time of 15 min. Go to the next step after an additional reaction time of 
15 min. The coupling reaction can be followed by a color change from blue to 
green/blue or even yellow. Because the solvent within the spots is slowly evapo- 
rating over the reaction time, additional droplets may be added onto the same 
position without enlarging the spots and risking overlap with neighboring spots. 
Thus, difficult coupling reactions may be brought to completion by double or 
triple couplings. 

2. Wash the membrane 3x with DMF for 3 min each {see Note 4). 

3. Cleave the Fmoc protecting groups by treatment of the membrane with piperidine 
solution for 20 min. 

4. Wash the membrane 5x with DMF for 3 min each. 

5. Wash the membrane twice with methanol for 3 min. 

6. Rinse the membrane with staining solution. The bromophenol blue solution should 
remain yellow, and the spots should become blue. Treat the membrane until an 
equal blue staining of the spots is achieved {see Note 5). 

7. Wash the membrane with methanol for 3 min to remove the remaining staining 
solution. 

8. Air-dry the membrane. The process can be accelerated by carefully using a hair- 
dryer, operating with cold air. 

9. Go to step 1 for coupling the next amino acid. The synthesis can also be stopped at 
this step to proceed for another day. In this case, the membrane should be placed in 
a plastic bag, sealed, and stored at -20°C. Note: In the coupling step for the last 
amino acid, do not stain with bromophenol blue. 

3.6. Acetylation of the N-Terminus 

This capping step is carried out because acetylation at the A'-terminus stabi- 
lizes the peptide against proteolytic degradation. Furthermore, this counteracts 
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the N-terminal positive charge, which is an artifact caused by dissecting the 
protein sequence into short peptides. All steps of this subheading must be car- 
ried out on a rocker table that must be set up in an operating fume cupboard for 
safety reasons. 

1. Incubate the membrane twice with acetanhydride solution for 15 min each. 

2. Wash the membrane 5x with DMF for 3 min. 

3. Wash the membrane twice with methanol for 3 min. 

4. Dry the membrane. 

3.7. Side-Chain Deprotection 

In the final synthesis step, all side-chain protecting groups are cleaved off. 
All steps of this subheading must be carried out in an operating fume cupboard 
for safety reasons. 

1. Place the membrane carefully in a stainless steel dish with deprotection solution 
(see Note 4). Follow the safety instructions (Subheading 2.7.). Close the dish 
tightly with an appropriate lid, place the entire dish into a plastic bag, and seal it. 
Do not use a rocker table in steps 1-3. Incubate the membrane for 1 h and remove 
the deprotection solution. Now, the membrane is mechanically extremely unstable 
and must be handled carefully to avoid tearing. 

2. Wash the membrane once with DCM without agitation for 5 min. Pour the solvent 
into the dish at an edge very slowly to avoid subjecting the membrane to mechani- 
cal stress. Wash the membrane twice with DCM under gentle agitation for 3 min. 

3. Repeat steps 1 and 2 once. 

4. Wash the membrane two more times with DCM under gentle agitation for 3 min. 

5. Wash the membrane 3x with DMF for 3 min. 

6. Wash the membrane twice with methanol for 3 min. 

7. Dry the membrane. Proceed with the screening (Subheading 3.9.), or store the 
membrane at -20°C. 

3.8. Automated SPOT Synthesis 

Although the SPOT synthesis technique is a robust and easy-to-use tech- 
nique that can be carried out even in nonspecialized laboratories, the disad- 
vantages of manual synthesis are obvious: the numerous pipetting and 
synthesis steps are rather time-consuming, and it is difficult to ensure the 
required precision during the manual pipetting steps. The laborious pipetting 
steps involved have led to the development of an automated SPOT synthesizer, 
providing a maximum amount of precision and reliability for the synthesis. 
This synthesizer (SPOT synthesizer ASP 222) was introduced by ABIMED 
Analysen-Technik GmbH (Langenfeld, Germany) and is now available from 
INTAVIS Bioanalytical Instruments AG (Bergisch Gladbach, Germany). Spot 
diameters are between 1.5 mm (50 nL dispensing volume) and 1.0 cm (1-2-jjT 
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dispensing volume). This unit facilitates consecutive delivery of peptide build- 
ing blocks from a rack of 44 reservoirs onto the membrane surface. However, 
washing, capping, and deprotection steps still must be performed manually. In 
order to manage the increasing amount of data required to control the auto- 
mated synthetic process, a software package that allows the development of 
appropriate sequence and chemistry files for a variety of library types has 
been devised together with the Auto-SPOT Robot ASP 222. For detailed pro- 
tocols, please refer to the manufacturer's instructions. 

3.9. Screening of Peptide Arrays 

The screening strategy depends on whether the antibody under investigation 
is available in an enzyme-labeled form or if an enzyme-labeled secondary anti- 
body must be used. The protocols described in Subheadings 3.9., 3.10., and 
3.11. are applicable in both cases. It is helpful to know whether the primary 
antibody is active in Western blot experiments. If it is, this is a strong indication 
that it recognizes a linear epitope (see Subheading 1.2.), and implies a rela- 
tively high-affmity antibody-peptide interaction. Thus, a low concentration of 
the primary antibody can be used in step 4. 

If a secondary antibody is used, it is essential to ensure that there is no 
detectable binding of this antibody to the peptides. Thus, for the detection by 
chromogenic substrates, the membrane must be incubated according to the pro- 
tocols outlined in Subheadings 3.9. and 3.10. — the only difference is that step 
4 of Subheading 3.9. is carried out with no primary antibody. The membrane 
should be incubated with the substrate solution (Subheading 3.10., step 3) for 
30 min. Similarly, for the detection by chemiluminescence, the membrane must 
be incubated according to the protocols outlined in Subheadings 3.9. and 
3.11., except that step 4 of Subheading 3.9. is carried out with no primary 
antibody. Expose the X-ray film for at least 1 h (Subheading 3.11., step 5). A 
second exposure can be omitted. If a chemiluminescence imager is used, record 
an image for 30 min. Spots that give signals in these control experiments must 
be excluded as false-positives in the final assessment. Perform the control 
experiments before the main incubation. 

All washing and incubation steps of the protocols described in Subheadings 
3.9., 3.10., and 3.11. should be carried out on a rocker table at room temperature. 

1. Rinse the peptide array membrane with a small volume of methanol for 1 min. This 
is done to facilitate the wetting of hydrophobic peptides for the following aqueous 
washing and incubation steps. 

2. Wash the membrane 3x with an appropriate volume of TBS for 10 min each. The 
membrane should be sufficiently covered by the solution. 

3. Block the membrane with a sufficient volume of blocking buffer for 3 h at room 
temperature (see Note 4). 
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4. Incubate the membrane with the same volume of 0.1-3.0 Ug/mL primary antibody 
solution (see Notes 7 and 8) in blocking buffer for 3 h. If the primary antibody is 
directly labeled with alkaline phosphatase (see Note 9) go to step 2 in Subheading 
3.10. or step 2 in Subheading 3.11. If not, proceed with the following steps: 

5. Wash the membrane 3x with T-TBS for 10 min each. 

6. Go to Subheading 3.10. or 3.11. 

3.10. Detection of Antibody Binding by Chromogenic Substrates 

If a chemiluminescence imager or a darkroom is available the protocol for 
detecting antibody binding by chemiluminescence is recommended because of 
its higher sensitivity (Subheading 3.11.). Otherwise, the following alkaline 
phosphatase protocol should be used. The BCIP/NBT substrate generates an 
intense black-purple precipitate in which the enzyme-conjugated antibody has 
been bound. 

1. Incubate the membrane with a sufficient volume of alkaline phosphatase-labeled 
secondary antibody solution (specific for the primary antibody that was used for the 
screening) at a concentration of 1 u^/mL in blocking buffer for 2 h, or follow the 
supplier's instructions for Western blotting (see Notes 7 and 8). 

2. Wash the membrane 3x with T-TBS for 10 min each. 

3. Incubate the membrane with the enzyme substrate solution. Go to step 4 when the 
spots have turned suitably dark. This depends on the membrane-bound enzyme 
activity, and takes between 1 and 30 min. 

4. Stop the reaction by rinsing the membrane with the stop solution 3x for 3 min each. 
The Mg 2+ ions that are essential for alkaline phosphatase activity are complexed by 
ethylenediaminetetraacetic acid (EDTA) in the stop solution. For long-term docu- 
mentation of the results, the membrane should be photographed or scanned. If the 
peptide array is not to be used further the membrane itself can stored as permanent 
record: wash the membrane 3x with water for 5 min and twice with methanol for 3 
min, and dry. If the membrane is to be used again, wash the membrane 3x with T- 
TBS to remove excess stop solution and proceed with the regeneration procedures 
described in Subheading 3.12. 

3.11. Detection of Antibody Binding by Chemiluminescence 

Detection by chemiluminescence is highly sensitive, and has short imaging 
times ranging from a few seconds to 1 h. The reaction reaches its maximum 
after 1-2 min, and is relatively constant for 20-30 min. After 1 h, the signal 
intensity decreases to approx 60-70% of the maximum, (see Note 1) 

1. Incubate the membrane with a sufficient volume of peroxidase-labeled secondary 
antibody solution (specific for the primary antibody that was used for the screen- 
ing) at a concentration of 1 ug/mL in blocking buffer for 2 h or follow the sup- 
plier's instructions for Western blotting (see Notes 7 and 8). 

2. Wash the membrane 3x with T-TBS for 10 min each. 
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3. The following steps must be carried out in a dark room. If a chemiluminescence 
imager is available, go to step 9. Rinse the membrane with the chemiluminescence 
substrate for about 1 min. The membrane has to be completely covered with the 
detection solution, which roughly corresponds to 50-100 uL per cm 2 . Use a pipet 
to spread the solution repeatedly over the membrane. 

4. Place the membrane in an X-ray film cassette that is lined with plastic film and 
cover it with film, which must be transparent. 

5. Turn darkroom light to red and place an X-ray film onto the membrane. Close the 
cassette and expose for 60 s. 

6. Upon opening the cassette, immediately replace the exposed film with a new one, 
then close and set aside the cassette. Develop the first exposed film at once. 

7. Expose the second film for a suitable period (up to 45 min) estimated from the sig- 
nal intensity on the first film {see Notes 7, 8, and 10). 

8. The films can be digitized and processed using a standard scanner. 

9. Procedure if a chemiluminescence imager is available: rinse the membrane with the 
chemiluminescence substrate for about 1 min. The membrane must be completely 
covered with the detection solution, which roughly corresponds to 50-100 uL per 
cm 2 . Use a pipet to spread the solution repeatedly over the membrane. 

10. Place the membrane on the imager and record an image for 30 s. Make additional 
images with recording times adjusted according to the signal intensities and the sig- 
nal-to-noise ratio of the first image. 

11. Wash the membrane 3x with T-TBS to remove excess substrate solution. Proceed 
with the regeneration procedures described in Subheading 3.12. 

3. 12. Reutilization of Peptide Arrays 

In order to reuse the peptide arrays, peptide-bound antibody must be com- 
pletely removed. Usually, the peptide membranes can be used several times, 
but in a few cases regeneration fails as a result of strong binding of mature or 
denatured antibodies to the peptides or the cellulose. Two different protocols 
described in Subheadings 3.12.1. and 3.12.2. are applicable. If the chro- 
mogenic substrate precipitate is not removed by these protocols, wash the 
membrane with DMF overnight, then 3x with methanol and dry. 

3. 12. 1. Regeneration Protocol I 

1. Wash the membrane 3x with water for 10 min. 

2. Wash the membrane 3x for 10 min with regeneration buffer I at 50°C. Tempera- 
tures above 50°C can harm the membrane and/or the peptides. 

3. Wash the membranes 3x for 10 min with 10X T-TBS at room temperature. 

4. Wash the membranes 3x for 10 min with T-TBS at room temperature. 

5. Proceed with the next incubation or store the membrane after washing 3x with 
water, twice with methanol, and drying. 

3. 12.2. Regeneration Protocol II 

1. Wash the membrane twice with water for 10 min. 

2. Incubate the membrane 3x with regeneration buffer IIA for 10 min. 
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3. Incubate the membrane 3x with regeneration buffer IIB for 10 min. 

4. Wash the membrane with water for 10 min. 

5. Wash the membrane 3x with T-TBS. 

6. Proceed with the next incubation or store the membrane after washing 3x with 
water, twice with methanol, and drying. 

3. 12.3. Regeneration Controls 

1. If the membrane was incubated with a directly labeled antibody, check the success 
of the regeneration by rinsing the membrane in substrate solution and then expos- 
ing it at least as long as the original exposure if the chemiluminescence method was 
used, or develop with the chromogenic substrates as in the main experiment. If 
spots are still detected, repeat regeneration protocol I (step 2 can be prolonged), or 
go to regeneration protocol II. 

2. If the membrane was incubated with a primary antibody in combination with an 
enzyme-labeled secondary antibody, re-incubate the membrane with the secondary 
antibody and substrate solution and make an exposure at least as long as the origi- 
nal exposure to show that the primary antibody is completely removed. Perform an 
analogous procedure if the binding was detected by chromogenic substrates. If 
spots are still detectable, repeat regeneration protocol I (step 2 can be prolonged), 
or go to regeneration protocol II. 

3. 13. Storage of Peptide Membranes 

1. New membranes should be stored at -20°C until use, where the membranes are 
placed in a plastic bag and sealed. 

2. Incubated membranes that will be used again in only a few days should be washed 
3x with T-TBS for 10 min and kept with a small volume of T-TBS in a Petri dish at 
4°C. Drying out of the membrane sometimes leads to poor results in subsequent 
experiments. 

3. Incubated membranes that will be stored for a longer period should be regenerated 
according to Subheading 3.12., washed with methanol twice, air-dried, and kept at 
-20°C. 

4. Notes 

1. Do not use sodium azide as a preservative in buffers with peroxidase because it is 
an inhibitor of the enzyme. The presence of azide will greatly reduce or eliminate 
the signal. 

2. If spots with a white center and a dark ring ("ring spots") are obtained after incuba- 
tion and development of the array, a peptide membrane with a lower peptide load- 
ing is recommended (14). This can be achieved by mixing 0.3 M 
Fmoc-(3-alanine-OPfp and 0.3 MAc-(3-alanine-OPfp 1:9 and using this solution for 
array formatting (Subheading 3.3., step 2). 

3. The spotting process is most conveniently done by first dispensing the volume to be 
spotted and then gently touching the pipet tip to the center of each marked spot. 
This allows the most accurate liquid handling. 

4. Do not overlay two or more peptide membranes in one incubation dish. 
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5. Bromophenol blue staining (Subheading 3.5., step 6): the intensity of staining varies 
depending on the last spotted amino acid. Some amino acids — such as cysteine, 
aspartic acid, glutamic acid, and asparagine — stain weakly. Alanine, glycine, and pro- 
line stain more strongly than others. These differences may serve as an internal con- 
trol for correct pipetting. During later cycles, the intensity of staining diminishes. 

6. Peptides of different length: if a peptide library comprises peptides of various 
length, the shorter peptides can accidentally be elongated at subsequent cycles by 
transferring excess Fmoc amino acid active esters from other spots during step 2 
from Subheading 3.5. However, this effect is very unlikely, and is usually ignored. 
However, in order to absolutely exclude this peptide elongation, steps 1 and 2 from 
Subheading 3.6. can be carried out in addition between steps 2 and 3 from Sub- 
heading 3.5. Acetylated spots can no longer be stained by bromophenol blue. This 
procedure also leads to capping of peptides that did not properly react with the last 
amino acid. 

7. If no signals are observed using the protocols described in Subheadings 
3.9-3.11., change the protocols as follows (one or more modifications can be 
adopted simultaneously): 

a. Increase the antibody concentrations of the primary and/or secondary antibody. 

b. Prolong the incubation time with the primary antibody to overnight. This step 
should be performed at 4°C. 

c. Shorten the washing times. Use washing buffer without Tween 20. 

d. Use a supersensitive chemiluminescence substrate (e.g., SuperSignal* Ultra, 
Pierce, Rockford, IL). 

e. Perform a simultaneous incubation of primary and secondary antibody. 

f. Check the antibodies and enzymes in an alternative system. 

8. Clear spots on dark background can be observed with the chemiluminescence pro- 
tocol (Subheading 3.11.). In this case, the primary and/or secondary antibody con- 
centrations may be too high. A high amount of antibody conjugate on the spots 
results in all the substrate being used up before the X-ray film can be exposed on 
the membrane or the imaging system can be started. To avoid this change, follow 
these protocols: 

a. Wash extensively with T-TBS and re-detect or, if the problem persists, instead of. 

b. Regenerate the membrane and incubate with lower concentrations of antibodies. 

9. Results with directly labeled antibodies are often much better, especially for low- 
affinity binding antibodies, and may even be essential for the mapping of discon- 
tinuous epitopes. Conjugation of antibodies with peroxidase is easy to perform, and 
protocols are available (75). 

10. If the background is too high, change the protocols as follows: 

a. Increase the detergent concentration in the washing buffer. 

b. Increase the washing times and/or the washing volumes. 
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Mapping Antibody:Antigen Interactions by Mass 
Spectrometry and Bioinformatics 

Alexandra Huhalov, Daniel I.R. Spencer, and Kerry A. Chester 



1. Introduction 

Characterization of the antigen/antibody complex is an important tool in the 
rational design of antibody-based therapeutics. This can be achieved using sev- 
eral methods. Conventional methods for mapping an antibody-binding region 
on an antigen rely on synthetic polypeptide libraries, which limit the identifica- 
tion of epitopes to continuous amino acid sequences (1). These techniques pre- 
clude the characterization of conformational epitopes, and subsequently, a 
major category of antibody/antigen interactions. 

In order to identify both continuous and conformational epitopes, a more 
direct approach has been developed to identify binding sites based on antigen 
proteolysis in which proteins are digested with a range of proteases and the 
resulting peptides analyzed by polyacrylamide gel electrophoresis (PAGE) (2) 
or high-performance liquid chromatography (HPLC) (3). However, these meth- 
ods may fail to identify unresolved peptides accurately. Therefore, to identify 
both continuous and conformational epitopes and to overcome the ambiguity 
problems that are possible in PAGE and HPLC -based methods, several groups 
have turned to mass spectrometry (MS) to analyze proteolytic peptide frag- 
ments (3). 

A new approach to this procedure has been developed using surface- 
enhanced laser desorption/ionization-affinity mass spectrometry (SELDI- 
AMS), in which an antibody (or antibody fragment) is covalently coupled to 
a preactivated ProteinChip® Array and reacted with antigen. The resulting 
antibody/antigen complex is digested on the chip with proteolytic enzymes 
to remove all but the antibody-binding site of the antigen, which is protected 
by the bound antibody, and the remaining antibody-binding peptides are 
identified by MS. SELDI-AMS has several advantages as compared to exist- 
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ing MS-based epitope-mapping techniques, which can be expensive, time- 
consuming, and labor-intensive (4). Because the SELDI-AMS technique is 
based on chemically modified affinity surfaces, the entire process can be 
done in situ; from binding of the complex onto the affinity surface to mass 
spectrometric analysis. This greatly reduces the experimental time because 
steps such as removal of non-binding antigen fragments can be done by 
washing the chip, rather than by the lengthy separation methods required 
when using non-derivatized mass spectrometry chip platforms in matrix- 
assisted laser desorption/ionization mass spectrometry (MALDI-MS). Lim- 
ited sample loss occurs because the remaining antibody-associated peptides 
are laser-desorped from the chip-bound antibody in the mass spectrometer, 
and therefore require very little starting material. Because it is a chip-based 
technology, several samples can be analyzed in parallel, and there are a vari- 
ety of chip surfaces available, resulting in protocols that are versatile and 
readily optimized (Ciphergen Biosystems; http://www.ciphergen.com). 
Recently, an interface has been developed to allow the samples from the Pro- 
teinChip Array to be further analyzed using Laser Desorption Ionization- 
Tandem MS to enable the direct sequencing of peptides identified by 
SELDI-AMS (5). 

This chapter outlines the methods we have developed to routinely character- 
ize protein-protein interactions based on SELDI-AMS. We demonstrate this 
procedure by presenting two examples. First, to determine the antigen-binding 
domain of a clinically useful, phage-derived scFv (6) and second, to map the 
polyclonal response of patients to a recombinant scFv fusion protein using 
scFv libraries to determine immunogenic sites (7). 

In the first example, we partially characterized the binding domain of a 
phage-derived scFv reactive with carcinoembryonic antigen (CEA), MFE-23 
(8), which has been used in two clinical trials (9, 10). CEA is a 180-kDa-mem- 
brane-associated protein and is made up of seven, heavily glycosylated 
immunoglobulin-like domains (N-A1-B1-A2-B2-A3-B3) (11). MFE-23 has 
been previously shown to bind recombinant N-Al domains, and these domains 
were tested in our system. The N-Al domains were bacterially expressed in the 
presence of MFE-23 containing a hexahistidine tag, which was used to capture, 
purify, and couple the subsequent N-A1/MFE-23 complex to immobilized 
metal affinity chromatography (IMAC) chips for SELDI-AMS analysis. The 
complex was digested with trypsin, and the placement of the resulting anti- 
body-bound peptides was studied in the homology model of CEA (12) to pre- 
dict the MFE-23 binding site (6). 

In the second approach, we modeled the polyclonal response in patients to 
a fusion protein consisting of MFE-23 genetically linked to carboxy-pepti- 
dase G2 (CPG2) (13), used in antibody-directed enzyme prodrug therapy 
(ADEPT) (14) in order to neutralize its immunogenicity in patients. A murine 
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scFv phage library was raised against CPG2, and a CPG2-reactive scFv was 
isolated from this library on the basis of its ability to inhibit CPG2 binding of 
sera from patients who had an immune response to this antigen (7). This 
CPG2-reactive scFv was then covalently coupled to a preactivated Pro- 
teinChip Array. CPG2 was captured by the bound scFv, and their interaction 
was mapped by partial digestion with Glu-C. The subsequent peptides were 
modeled to two nonlinear sites in the crystal structure of CPG2 (15), and the 
epitope was determined to be conformational. This was confirmed when sub- 
sequent alanine-scanning mutagenesis of one of the predicted sites resulted in 
a reduction in immunogenicity of the mutant fusion protein when tested 
against patient sera (7). 

The methods used to generate scFv libraries, screen against antigen (see 
Chapters 6 and 8), and produce recombinant scFv (see Chapter 14) have been 
extensively described elsewhere. Here, we present our generally applicable 
methods to epitope map an antibody/antigen complex by SELDI-AMS on i) 
preactivated chips and ii) IMAC, as well as iii) a method for the determination 
of protein molecular weight on normal-phase chips and iv) the use of simple 
bioinformatics for the prediction of epitopes in protein structures using soft- 
ware available in the public domain (Fig. 1). 

2. Materials 

2.1. SELDI (for Subheadings 3.1.-3.4.) 

All chemicals are from Sigma-Aldrich Ltd., and stored at room temperature 
unless otherwise stated. 

1. SELDI ProteinChip Biology System II (Ciphergen Biosystems). 

2. NP20, IMAC3, PS 10, or PS20 ProteinChip Array (Ciphergen Biosystems). 

3. Hydrophobic pen (ImmEdge™ Pen; Vector Laboratories). 

4. Dulbecco's phosphate-buffered saline without calcium chloride (PBS; Sigma Cat. 
#D5773). 

5. PBST: 0.1% Triton X-100 in PBS. 

6. 1 M ethanolamine (BIAcore AB). 

7. Acetonitrile. 

8. 50 voM nickel sulfate. 

9. IMAC wash buffer: 300 mM sodium chloride in PBST. 

10. Imidazole solution: 200 mM imidazole in IMAC wash buffer. 

11. Energy-absorbing matrices (EAM) (Ciphergen Biosystems): 

a. oc-cyano-4-hydroxy cinnamic acid (CHCA): to a microfuge tube of solid CHCA 
(5 mg) add 500 uL of 100% acetonitrile and 500 uL of 1% trifiuoroacetic acid in 
ddlLO. Vortex the solution for 10 s. This solution is light-sensitive, and should 
be freshly prepared each day. 

b. Sinapinic acid (SPA): To a microfuge tube of solid sinapinic acid (5 mg) add 
500 uL of 100% acetonitrile and 500 uL of 1% trifiuoroacetic acid in ddH 2 0. 
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Fig. 1. SELDI-AMS protocol to epitope-map scFv binding interactions. (A) scFv 
are bound to the chip surface, either covalently or via the hexahistidine tag on the scFv. 
(B) Antigen is captured by scFv (or was present as complex with scFv when bound to 
chip via histidine tag). (C) Complex is digested with proteolytic enzymes. (D) 
Unbound peptides are washed away. (E) scFv-bound peptides are laser-desorped and 
(F) identified by their mass. (G) Corresponding sequences are then mapped in the 
structural model. 



Vortex the solution for 10 s. The SPA is close to saturation, and will not always 
completely dissolve. This solution is light-sensitive, and should be freshly pre- 
pared each day. 

12. Endoproteinase Glu-C (Roche Molecular Biochemicals): Dissolve lyophilized 
enzyme in ddH 2 to 250 Ug/mL. Aliquot and store at 4°C for 1-2 d. 

13. Trypsin, modified, sequencing-grade (Roche Molecular Biochemicals): Dissolve 
lyophilized trypsin in 1 mM HC1 to 250 |lg/mL. Aliquot and store at 4°C for up to 
1 wk. 

14. Peptide and Protein All-in-One mW standards kit (Ciphergen Biosystems). 

15. Humidity chamber (see Note 1). 

2.2. Analytical Software (for Subheadings 3.5.-3.7.) 

1. PAWS software available on Protein Information Retrieval Online World Wide Web 
Lab website: http://prowl.rockefeller.edu/contents/resource.htm. 

2. MS-Digest program available on Protein Prospector website: http://prospector. 
ucsf.edu/. 

3. Rasmol 2.7.1 software available on Rasmol homepage: http://www.umass.edu/ 
microbio/rasmol/ (16). 

4. Solved protein structures available on the Protein Databank website: http://www. 
pdb.org/ (17). 

3. Methods 

Several ProteinChip Array surfaces are available that are suitable for epi- 
tope-mapping studies by limited proteolysis and MS using SELDI-AMS. Two 
of these are outlined here, and include i) preactivated chips (Subheading 3.1.), 
in which scFv are covalently coupled to the chip surface, and ii) IMAC chips 
(Subheading 3.2.) in which scFv are coupled to the chip surface via their 
hexahistidine tags. Methods for iii) validation of protein mol wt on normal- 
phase chips (Subheading 3.3.), iv) calibration of the instrument and data 
acquisition (Subheading 3.4.), v) the analysis of data using protein software 
packages (Subheadings 3.5. and 3.6.) and vi) the use of bioinformatics to fit 
the resulting information into structural models (Subheading 3.7.) are also 
described. 
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3. 1. Preactivated ProteinChip Arrays 

The PS 10 and PS20 ProteinChip Arrays are used for immunoassays and 
other protein-protein interactions. They have eight spots that are preactivated 
with carbonyl diimidazole chemistry that covalently bind to free primary amine 
groups. 

1. Dilute the test scFv, nonspecific scFv (if available) and antigen to 100-300 |lg/mL 
in double-distilled water (ddt^O) (see Note 2). 

2. Add 1-5 U.L of diluted test scFv, nonspecific scFv, or PBS to individual spots and 
incubate in a humidity chamber for 1 h at room temperature. Do not allow the spots 
to dry. 

3. Using a pipet, remove solution from spot and immediately add 5 uL of PBST. Do 
not allow the spots to dry. Repeat this procedure for all the spots used on the chip. 
Using a pipet, pass several streams of PBST over each spot making sure they do not 
cross over neighboring spots. 

4. Submerge the chip into a tube filled with PBST and rotate for 5 min in a carousel 
shaker at high speed. Then repeat this step two more times with fresh PBST (see 
Note 3). 

5. Rinse the chip twice in PBS as in step 4. Do not allow the spots to dry. 

6. Block the spots by adding 5 uL of 1 M ethanolamine, pH 8.0 to each spot and incu- 
bate in the humidity chamber for 15 min. Further blocking is optional (see Note 4). 

7. Wash the chip as in steps 3-5. Do not allow the spots to dry. 

8. Add 1-5 uL of antigen diluted in ddH^O to 1 uL of PBST on spots and incubate in 
a humidity chamber at room temperature for 1 h. Do not add antigen to one PBS- 
coated spot as a control. 

9. Wash the chip as in steps 3-5. Do not allow the spots to dry. 

10. Add 2 uL of Glu-C, trypsin, or the protease of choice to each spot diluted in PBST 
(including the spot containing only antigen for use as a control) added at ratios of 
between 1 : 100 to 1 :20 of the protein by weight (see Note 5). Incubate at room tem- 
perature in the humidity chamber for 30-90 min. Include one PBS-coated spot con- 
taining no scFv or antigen as a control. 

11. Wash spots as in steps 3-5 with a final rinse in ddlr^O. 

12. Apply 0.5-1 uL of the appropriate EAM to spots (see Note 6). 

13. Dry the spots by placing chip on top of the ProteinChip Reader (see Note 7). 

14. Load the chip into the ProteinChip Reader. 

15. Collect peptide mass data over the desired mass range (see Subheading 3.4). 

16. This will result in a set of mass spectra (Fig. 2). 

3.2. IMAC ProteinChip Arrays 

The IMAC3 ProteinChip Arrays are used for protein capture, profiling, and 
on-chip purification. They are coated with a nitrilotriacetic acid (NTA) func- 
tional group, which binds transitional metals for the capture of polyhistidine 
affinity-tagged proteins. 
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Fig. 2. Mass spectra obtained from the epitope-mapping of scFv interactions using 
preactivated chips. This method is illustrated by CPG2-reactive scFv, which are cova- 
lently bound to a preactivated ProteinChip Array and used to capture CPG2. The sub- 
sequent complex is then digested with Glu-C, resulting in an array of peptides. 
Nonbinding peptides are washed away, and retained peptides are measured by their 
mass. (A) A peak is detected at 4,354.7 Daltons, and (B) no peak is detected in the con- 
trol spot containing a nonspecific scFv. 



1. Draw an outline around each spot, using the hydrophobic pen. 

2. Add 5 |0T of 100% acetonitrile to each spot and incubate at room temperature for 1 
min, then wipe off with a tissue. 

3. Add 1 |oT of 50% acetonitrile diluted in ddH^O to each spot, and before it dries, add 
5 \lL of 50 mM nickel sulfate and incubate in a humidity chamber at room temper- 
ature for 30 min (see Note 8). 

4. Reapply 5 uL of 50 mM nickel sulfate and incubate for 30 min in the humidity 
chamber at room temperature. 

5. Submerge the chip in a tube filled with IMAC washing buffer and wash by rotating 
in a carousel shaker at high speed for 5 min (see Note 9). 

6. Add 5 |XL of polyhistidine-tagged scFv alone or in complex with antigen (containing 
no polyhistidine tag) diluted to 100-200 |lg/mL in IMAC washing buffer. As controls, 
add 5 |lL of imidazole solution or IMAC washing buffer to spots and incubate in the 
humidity chamber for 30-60 min (see Note 10). Do not allow the spots to dry. 

7. Using a pipet, remove solution from spot and immediately add 5 |lL of IMAC 
washing buffer. Be sure to avoid drying the spots. Repeat this procedure for all the 
spots used on the chip. 
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8. Using a pipet, pass several streams of IMAC washing buffer over each spot making 
sure they do not cross over neighboring spots. 

9. Submerge the chip into a tube filled with IMAC washing buffer and rotate in a 
carousel shaker at high speed for 5 min. Then repeat this step two more times. Do 
not allow the spots to dry. 

10. If scFv was added alone, add 5 |0,L of antigen (containing no polyhistidine tag) 
diluted to 100-200 Llg/mL in IMAC washing buffer or 40 mM imidazole in IMAC 
washing buffer and incubate in the humidity chamber for 1 h. Include one scFv- 
coated spot with no antigen as a control. 

1 1 . Wash the chip as in steps 7-9. Do not allow the spots to dry. 

12. Add 2 |iL of Glu-C, trypsin, or the protease of choice to each spot diluted in PBST 
added at ratios of between 1:100 to 1:20 of the protein by weight (see Note 5). 
Incubate at room temperature in the humidity chamber for 30-60 min. Include one 
PBS-coated spot containing no scFv or antigen as a control. If scFv and antigen 
were captured onto the IMAC chip as a complex, include a control digestion done 
in solution. After the required digestion time, apply the control digestion to scFv 
and PBS-coated spots to control for nonspecific binding of proteolytic fragments to 
the nickel- saturated matrix. 

13. Wash the chip as in steps 7-9. 

14. Apply 0.5-1 |lL of the appropriate EAM to spots (see Note 6). 

15. Dry the spots by placing chip on top of the ProteinChip Reader (see Note 7). 

16. Load the chip into the ProteinChip Reader. 

17. Collect peptide mass data over the desired mass range (see Subheading 3.4.). 

18. This will result in a set of mass spectra (Fig. 3). 

3.3. Normal-Phase ProteinChip Arrays 

These chips are used to confirm protein mol wts and for QC assays. They 
mimic normal-phase chromatography. 

1. Dilute protein into ddF^O to a concentration of 100-200 |lg/mL to attain a final 
volume of 50 |i,L (see Note 2). 

2. Add 1 uX of the diluted protein to the first spot. 

3. Add 0.5-1 u,L of the appropriate EAM (see Note 6) immediately to the protein on 
the first spot. 

4. Add 1 |iL of diluted protein to the three following spots. Do not add the EAM to 
these spots at this stage. 

5. Dry the samples on top of the ProteinChip Reader (see Note 7). 

6. To the three spots containing dried samples, add 5 uL of ddF^O and leave for 5 s. 
Using a fresh tip for each spot, pipet in and out 4x and draw up and discard the 
solution after the fourth mix. Add 0.5-1 |i,L of the appropriate EAM to the protein 
on the first of these spots, and 5 |iL of ddF^O to the remaining two spots. 

7. Repeat the wash step for the remaining two spots. Add 0.5-1 uL of the appropriate 
EAM to the protein on the first of these spots and 5 |iL of ddF^O to the remaining 
spot. Repeat the wash step for the remaining spot. Add 0.5-1 u,L of the appropriate 
EAM to the protein on the remaining spot. 
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Fig. 3. Mass spectra obtained from the epitope-mapping of scFv interactions using 
IMAC ProteinChip Arrays. This is illustrated by hexahistidine-tagged MFE-23, in 
complex with the N-Al domains of CEA, which are captured by an IMAC surface via 
immobilized copper ions. The complex is digested with trypsin, resulting in an array of 
peptides. Nonbinding peptides are washed away, and retained peptides are measured by 
their mass. (A) One peak is detected at 6,834.9 Daltons and (B) is not detected in the 
control spot containing MFE-23 digestion only. The two peaks at 6,570.0 and 6,895.6 
Daltons correspond to MFE-23 proteolytic peptides. 



8. Dry the spots by placing chip on top of the ProteinChip Reader (see Note 7). 

9. Load the chip into the ProteinChip Reader. 

10. Collect peptide mass data over the desired mass range (see Subheading 3.4.). 

3.4. Calibration and Collection of Mass Data 

Calibration of the instrument is an important component in converting time- 
of-flight data to accurate mass measurements. There are two types of calibra- 
tion for Proteinchip arrays — external and internal. External calibration uses the 
calibration from one sample to determine the mass on another. In other words, 
the masses of calibrants from one spot are applied to masses of proteins or pep- 
tides on another spot. External calibration results in mass accuracy of approx 
0.5% or better. Internal calibration uses known masses in the sample for cali- 
bration. This type of calibration results in mass accuracy of approx 0.05% or 
better (information provided in the Proteinchip® software manual 3.0 Operation 
Manual). 

Mass data may be collected either manually or automatically. Generally, the 
data collection parameters are optimized manually and then applied to an auto- 
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mated protocol, which collects mass data from all the spots identically. The fol- 
lowing protocol is an example of collecting mass data obtained from the All-in- 
One Protein standard mix. The same process is applied when collecting data 
from any sample. 

1. Apply sample to spot. For example, apply 0.5-1 |i,L of All-in-One Protein standard 
to a blank spot for external calibration and to a spot containing sample for internal 
calibration (see Note 11). 

2. Air-dry the spot and add 0.5-1 |i,L of the appropriate EAM (see Note 6). For exam- 
ple, for the Protein standard, apply SPA. 

3. Dry the spot by placing chip on top of the ProteinChip Reader (see Note 7). 

4. Load the chip into the ProteinChip Reader. 

5. For manual collection, select the "manual protocol" button. 

6. Set "high mass." For example, for the All-in-One Protein standard set to 200,000 
Daltons. 

7. Set "start optimization range." For example, for the All-in-One Protein standard set 
to 10,000 Daltons. 

8. Set "end optimization range." For example, for the All-in-One Protein standard set 
to 150,000 Daltons. 

9. Set "focus" by "mass." For example, for the All-in-One Protein standard set to 
66,000 Daltons (see Note 12). 

10. Set "laser intensity." For example, for the All-in-One Protein standard set to 230. 

11. Set "initial detector" sensitivity to 9. 

12. Click the "fire continuously" button to "on." 

13. Adjust the laser intensity and sensitivity settings so that the signal and intensity 
remain to scale. 

14. Turn off the "fire continuously" button. 

15. Set up an automatic protocol using the laser and sensitivity settings optimized in 
the manual protocol. 

16. Select "new spot protocol" from the file menu. 

17. Enter a name for the protocol when prompted. 

18. Select "SELDI quantitation" from the "method type" list. 

19. Click on "next" to go to the "auto setup" window. 

20. Set "high mass to acquire." For example, for the All-in-One Protein standard set to 
200,000 Daltons. 

21. Set "start optimization range." For example, for the All-in-One Protein standard set 
to 10,000 Daltons. 

22. Set "end optimization range." For example, for the All-in-One Protein standard set 
to 150,000 Daltons. 

23. Set "focus" by "mass." For example, for the All-in-One Protein standard set to 
66,000 Daltons. 

24. Set "laser intensity" to the optimized setting determined by the manual protocol. 

25. Set "detector sensitivity" to the optimized setting determined by the manual protocol. 

26. Click "next" to go to the "SELDI data acquisition settings" window. 
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27. Set "collect transients per position" to 10. 

28. Set the "starting at position" to 20. 

29. Set the "ending at position" to 80. 

30. Set the "moving positions" to 4. 

31. Set the "warming position" to 2 laser shots with the "intensity" set to 250. 

32. Deselect "include warming shots in spectra." 

33. Click "finish" and save protocol. 

34. This spot protocol can now be applied to the entire chip. 

3.5. Interpretation of Mass Spectra Using PAWS 

PAWS is a protein sequence analysis software package freely distributed 
over the Internet. It allows the user to paste in the amino acid sequence of a pro- 
tein and modify it in a number of ways. It is particularly useful for determining 
proteolytic peptides that arise from the cleavage of a protein. 

1. Open the PAWS program, select "new" from the file menu and paste in the protein 
sequence of interest. 

2. Select the appropriate enzyme from the "cleavage" menu. This will provide a list of 
all possible peptides that may result from the cleavage of the protein. For example, 
when analyzing the CPG2 sequence by Glu-C cleavage, 26 peptides are revealed 
(see Note 13). 

3. With this window open, select "a list of peptides" under the "find" menu and type 
in any peptide masses identified by SELDI-AMS. The program will provide a 
graphic representation of their placement in the sequence. Four proteolytic frag- 
ments were found for Glu-C digestion of CPG2, and were identified according to 
the CPG2 SWISS-PROT protein database reference (1CG2) (Fig. 4). The observed 
peptide masses were: m/z 4354.7 assigned to CPG2 Ser 379- Lys 415 average mass 
of 4354.1 Daltons, m/z 2794.9 assigned to CPG2 Tyr391- Lys415 average mass of 
2794.4 Daltons, m/z 3539.9 assigned to CPG2 Tyr 159-Glul89 average mass of 
3539.8 Daltons, and m/z 2092.2 Daltons assigned to CPG2 Tyrl59-Glul76 average 
mass of 2092.2 Daltons. The peptide fragments identified by SELDI-AMS were 
located in two distinct and remote regions of the CPG2 sequence. 

3.6. Interpretation of Mass Spectra Using MS-Digest 

MS-Digest is another protein sequence analysis software package, which is 
freely distributed over the Internet and provides a comprehensive list of prote- 
olytic peptide fragments resulting from the cleavage of a user-specified protein. 

1. Open the MS-Digest page and select "user protein" in the "database" menu. 

2. Select the appropriate enzyme in the "digest" menu. 

3. Set the maximum number of missed cleavages to between 5 and 10. 

4. Set the program to recognize oxidized methionines and pyro-glumatic acid con- 
taining peptides in the "considered modifications." 
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1 3539.900 Y[159-189]E 

2 2092.800 Y[159-176]E 

3 4354.700 S[376-415]K 

4 2794.900 Y[391-415]K 

Fig. 4. The use of PAWS to analyze SELDI-AMS-identified proteolytic peptide 
fragments illustrated using data obtained from the SELDI-AMS analysis of CPG2 with 
a reactive scFv. The program determines all possible peptides that result from cleavage 
of a protein sequence by a user-defined protease. Peptide masses obtained by SELDI- 
AMS are then crosschecked against these and listed together with their placement in 
the protein sequence, which is graphically represented by lines. (A) Graphic represen- 
tation of CPG2 amino acid sequence with the placement of scFv-binding peptides 
resulting from Glu-C digestion of CPG2 in complex with a specific scFv bound to pre- 
activated chips represented by solid lines and (B) listed below with their exact place- 
ment in the sequence. The peptides correspond to two nonlinear regions along the 
protein sequence. 



5. Set the minimum and maximum fragment mass menus to the appropriate values. 
For example, when analyzing peptides obtained from the SELDI-AMS of CPG2 
using Glu-C, these parameters were set to 1,000 Daltons and 6,000 Daltons, 
respectively. 

6. Paste the entire protein sequence into the "user protein sequence" menu. 

7. Select "perform digest." 

8. The program will then provide a list of possible peptides. Proteolytic fragment 
masses obtained from SELDI-AMS can then be cross-referenced against the pro- 
gram-derived list of peptide fragments. All four of the proteolytic fragments 
derived from the Glu-C digestion of CPG2 were found in this list. 

3.7. Prediction of Peptide Fit into Structural Models 

Invaluable information on the characterization of protein :protein interac- 
tions includes the application of structural models to map the placement of the 
proteolytic peptides identified by SELDI-AMS. A crystal structure was avail- 
able for CPG2, enabling the mapping of SELDI-AMS identified peptides 
resulting from proteolytic digestions. Rasmol 2.7.1 is a freely distributed mol- 
ecular graphics visualization tool that is available over the Internet. It allows 
the user to download Protein Data Bank (PDB) Files and study the structure 
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interactively. This simple process enables the mapping of the two regions iden- 
tified by SELDI-AMS in the structural model of CPG2 and shows that two 
sequentially remote regions are structurally adjacent, suggesting a conforma- 
tional epitope. 

1. Open the Rasmol program and select open in the "file" menu. Browse downloaded 
PDB structures to load the protein of choice. For example, for the CPG2 structure, 
load PDB reference file 1CG2. This will load the tetrameric protein structure. 

2. To select the monomeric portion of the structure, enter "select *A" in the Rasmol 
command line and press return to send the command. 

3. Enter "save temp.pdb." This will save the selection onto the desktop. 

4. Enter "zap." This will clear the program. 

5. Enter "load temp.pdb." This will load the selected monomer. 

6. Select "spacefill" under the "display" menu in the main Rasmol window. 

7. Select "monochrome" under the "colors" menu in the main Rasmol window. 

8. Enter "select 159-189" in the command window. This will select amino acids cor- 
responding to their placement in the structure. These amino acids represent a region 
identified by SELDI-AMS (sequences identified from mass data corresponding to 
peaks at 2,092.8 Daltons and 3,539.9 Daltons; see Fig. 4). 

9. Enter "color blue." This will color the selected amino acids blue. 

10. Enter "select 376-415." 

11. Enter "color red." These amino acids represent a region identified by SELDI-AMS 
(sequences identified from mass data corresponding to peaks 2,794.9 Daltons and 
4,354.7 Daltons) (see Fig. 4). 

12. Maneuver the structure using the mouse left and right buttons. 

13. Save the final version by selecting an export file in the "export menu" (Fig. 5). 

4. Notes 

1 . To make a humidity chamber, fill the bottom half of an empty plastic pipet tip box 
halfway with ddF^O and place the tip rack back on top to use as a support for the 
chips. When the lid is replaced firmly, it is sufficiently sealed to prevent drying of 
the chip for several hours. 

2. It is important to use double-distilled water (ddl-^O) when diluting protein for 
SELDI-AMS, as excess salt can disrupt the laser desorption of peptides. 

3. Alternatively, washes can be carried out on a high-frequency shaker. 

4. For further blocking, add 5 uL of one of the following in a humidity chamber for 1 h: 

a. Cytochrome C, bovine, 10 pmol/|aL; 

b. 5% milk proteins/PBS; 

c. 3% serum albumin, bovine/PBS. 

5. Digestion times and ratios are only given as guidelines and must be optimized for 
individual antibody/antigen interactions. It is advisable to test a range of digestion 
times, temperatures, and enzyme ratios for optimal results. 

6. EAM is an energy-absorbing compound capable of converting laser energy to ther- 
mal energy, thus facilitating the desorption/ionization of samples. It is important to 
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Fig. 5. Representation of the crystal structure of CPG2 showing the surface-exposed 
conformational epitope determined by SELDI-AMS. Epitope-mapping studies using a 
specific phage-derived scFv raised against CPG2 revealed reactive peptides corre- 
sponding to two nonlinear sites along the CPG2 sequence concentrated at positions 
Y[159-189]E and S[376-415]K. These peptides were fit into the crystal structure of 
CPG2, and further characterized to obtain the surface-exposed regions of the epitope as 
determined by the Define Secondary Structure of Proteins (DSSP) solvent accessibility 
algorithm (18), revealing a conformational epitope at Region 1 G[157-163]D (dark 
gray) and Region 2 G[412-415]G (black). 



10. 



11. 



use the appropriate EAM for analysis. For small molecules and peptides between 

5 and 15 kDa, use a saturated solution of CHCA. For anything smaller than this, 

use a 1/5 dilution of the saturated solution. The mol wt of CHCA is 189.2 Dal- 

tons. For molecules larger than 15 kDa, use SPA. The mol wt of SPA is 224.2 

Daltons. 

To dry spots more quickly, use a hair dryer set at cool. The dryer is held 10 cm 

away from the surface of the chip and moved with a slow rotating movement for 

approx 1 min until the sample(s) has dried. 

IMAC ProteinChip Arrays work best when coupled to nickel ions. Using Cu(II) 

and Fe(II) can affect the surface of the chip. 

Binding and washing buffers benefit from the addition of salt (0.3-1 M). To 

increase selectivity of the polyhistidine-tagged protein, imidazole may be added to 

the binding buffer (5-10 mM) and/or wash buffer (10-100 mM). 

Alternatively, incubations can be done on a high-frequency shaker for 5 min at 

room temperature, providing that the sample is not allowed to dry out. 

For a stronger signal, re-apply 0.5 |lL of the mol wt standard solution several more 

times. 
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12. It is very important to collect sample data at the same focus mass used for calibra- 
tion. Acquiring sample mass data at different focus masses from those used for cal- 
ibrants will result in inaccurate masses. 

13. When acquiring cleavage peptides by Glu-C in PAWS, select the V8 protease for 
cleavage of both glutamic acid (E) and aspartic acid (D), as Glu-C is able to cleave 
at both these positions in phosphate buffer. 
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1. Introduction 

Monoclonal antibodies (MAbs) are highly selective agents for delivering 
radiation to tumors both for in vivo imaging (radioimmunoscintigraphy, RIS) 
and for therapy (radioimmunotherapy, RIT). Antibody-based radiopharmaceuti- 
cals can be labeled with iodine nuclides ( 123 I for imaging, 131 I for therapy) or 
with metallic nuclides such as the y radiation-emitting nuclides m In and 199m Tc 
for imaging or the ft particle-emitting nuclides 90 Y, 67 Cu, and 188/I86j^ e f or ^j.. 
apy. The labeling of antibodies with three metallic nuclides is described here: 
67 Cu for both imaging and therapy, 99m Tc for imaging, and !8 8/186 Re for therapy. 

1.1. Labeling of Antibodies with 67 Cu 

The physical properties of the 67 Cu nuclide are well-suited for both RIS and 
RIT applications. 67 Cu is a ft particle-emitting nuclide with ft emissions distrib- 
uted between 577 keV and 395 keV, resulting in a mean energy of 141 keV, which 
is similar to the mean ft energy of 131 I (180 keV). 67 Cu can be produced by bom- 
barding 67 Zn with neutrons in high flux reactors, or with cyclotrons by irradiating 
nat Zn or enriched 68 Zn with protons (1). The therapeutic ft particles emitted by 
67 Cu with a mean range of 0.2 mm are very appropriate for the treatment of small 
tumors in the range of up to 5 mm in diameter, and its half-life of 2.58 d is long 
enough to permit accumulation of the antibody at the tumor site. 67 Cu also emits y- 
radiation in the range between 91 keV and 184 keV (49% abundance), an energy 
range that is particularly suitable for pre-therapy diagnostic imaging with a y-cam- 
era. In contrast to the high level (> 90%) of penetrating y-radiation associated wih 
the 131 I nuclide, which adds to the whole-body dose of the patient and to the radi- 
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Fig. 1. Structures of the bifunctional chelators CPTA-NHS (A), CPTA coupled to a 
lysine residue of MAb (B), D03A-NCS (C), and D03A coupled to a lysine residue of 
MAb (D). 

ation burden of the hospital staff, the lower abundance and energy of the y-emis- 
sions from 67 Cu represent a distinct advantage. Preclinical and clinical studies per- 
formed with 67 Cu-labeled antibodies all indicate the great potential of 67 Cu for 
systemic and local tumor treatment (2). One of the advantages of the copper 
nuclides compared to other therapeutic nuclides is the availability of excellent 
tetraaza macrocyclic chelators, which complex copper selectively and rapidly at 
ambient temperature (3). This property permits convenient postconjugation label- 
ing protocols at temperatures that maintain protein function. In addition to the 
metal chelating unit, bifunctional copper chelators (BFCs) contain a conjugation 
group for attachment to the tumor-seeking moiety. Conjugation of chelates to anti- 
bodies is performed via electrophilic conjugation groups, activated esters such as 
the N-hydroxysuccinimide (NHS) group, or the isothiocyanate (NCS) group, 
attached to a linker, which can be a phenyl group or a short peptide in addition to 
the phenyl group. In the case of -NCS and -NHS linked chelators, coupling is done 
directly to the primary amine groups of lysine residues of antibodies or antibody 
fragments. Fig. 1 shows the 4-(l,4,8,ll-tetraazacyclotetradec-l-yl)-methyl ben- 
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Fig. 2. Structure of a 99m Tc-tricarbonyl-labeled protein. Tc-carbonyl coordinates 
with two histidine residues in a penta-His-tag. 

zoic acid (CPTA) chelators and the l-(p-nitrobenzyl)-l,4,7,10-tetraazacyclode- 
cane-4,7,10-triacetate (D03A) chelators attached to MAbs via NHS and NCS cou- 
pling groups, respectively. Methods are described to substitute antibodies with the 
CPTA and D03A copper chelators and to label the immunoconjugates with 67 Cu. 
The protocols also include methods for the evaluation of the radiochemical purity 
and immunoreactivity of 67 Cu-labeled antibodies. 

1.2. Site-Specific Labeling of Antibody Fragments with 99m Tc/ 188 Re 

Besides whole MAb molecules, single-chain antibody fragments (scFvs) 
also have the potential to be good tumor-imaging agents, since they penetrate 
rapidly into tumor tissue and achieve high tumor-to-background ratios at early 
time-points. As scFv fragments are becoming increasingly available from large 
combinatorial libraries, a facile radiolabeling method is needed to exploit these 
molecules for in vivo tumor imaging. 99m Tc is a y-radiation emitter with a half- 
life of 6.02 h, and is the most commonly used radionuclide for radiopharma- 
ceutical applications because of its ready availability and excellent physical 
properties for imaging. 

We recently introduced a site-specific 99m Tc labeling method (4) in which 
99m Tc-tricarbonyl-trihydrate is stably fused to the polyhistidine tag of recombi- 
nant antibody fragments. Fig. 2 shows the coordination of 99m Tc-carbonyl with 
His residues in a scFv fragment. This 99m Tc-labeling method avoids the intro- 
duction of unpaired cysteines into the scFv (necessary in other 99m Tc-labeling 
techniques), which would lead to the formation of crosslinked molecules (5). In 
addition, labeling via the histidine-tag is an elegant approach, because the His- 
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tag is routinely incorporated in most recombinant proteins to allow purification 
with immobilized ion metal affinity chromatography (IMAC). 188 Re is a (3 par- 
ticle-emitting nuclide with a half-life of 16.7 h, and is available in the form of a 
generator system. It has similar chemical properties to 99m Tc, and can also be 
used for radionuclide therapy. Here, we provide protocols for labeling the His- 
tagged scFv MFE-23, an anti-CEA-antibody fragment (6), with 99m Tc-tricar- 
bonyl and with the 188 Re nuclide. 

2. Materials 

2.1. Labeling of Antibodies with 67 Cu 

2. 1. 1. Coupling of MAbs to the Bifunctional Chelators CPTA-NHS 
and D03A-NCS 

1. 4-(l,4,8,ll-tetraazacyclotetradec-l-yl)-methyl benzoic acid (CPTA) (see ref. 7 for 
chelator synthesis), stored dry at ambient temperature. 

2. N-hydroxy succinimide sodium salt (NHS) (Pierce), stored dry at ambient tem- 
perature. 

3. N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) (Pierce), stored dry at 
-20°C. 

4. MAb or MAb F(ab') 2 in phosphate-buffered saline (PBS: 100 mM NaCl, 50 mM 
sodium phosphate buffer, pH 7.3), stored at 4°C. 

5. 100 mM sodium phosphate buffer, pH 7.0. 

6. 100 mM sodium phosphate buffer, pH 8.0. 

7. 100 mM sodium acetate buffer, pH 5.5. 

8. 70 mM 1,4,7, 10-tetraazacyclodecane-4,7,10-triactetate-L-p-isocyanatophenylala- 
nine (D03A-NCS) (see ref. 7 for chelator synthesis) stock solution in H2O, stored 
at -20°C. 

9. MAb or MAb F(ab') 2 : 6.6 nmol-(l mg of MAb or 0.7 mg of MAb F[ab'] 2 ) in 400 
uX of 100 mM sodium phosphate buffer, pH 8.0. 

10. Na3PC>4 saturated solution. 

11. Microseparation filters (Amicon, Centricon) for concentration by centrifugation 
dialysis (exclusion limit 30 kDa). 

2. 1.2. Radiocopper Labeling of Chelate-Substituted MAbs 

1. 67 Cu stock solution in 0.2 M sodium succinate buffer, pH 4.0 (Paul Scherrer Insti- 
tute, Switzerland). Specific activity of the 67 Cu nuclide at the time of labeling is 
37.5-75 MBq/iig. 

2. PBS. 

3. MAb-CPTA and MAb-D03A (0.5-1.0 mg/mL) in 100 mM sodium acetate buffer, 
pH 5.5, stored at 4°C (from Subheading 3.1.1.). 

4. 50 mM sodium EDTA solution, pH 7.0. 

5. Superose 12 gel-filtration chromatography column (Amersham Biosciences) size 
15 x 300 mm, equilibrated in PBS. 



Radiometal Labeling of Antibodies 485 

6. Fast protein liquid chromatography (FPLC) equipment or peristaltic pump. 

7. UV/visible spectrophotometer. 

8. y-counter with energy window adjusted to 160-210 keV. 

9. Lead shielding. 

2. 1.3. Assessment of Radiochemical Purity 
of Radiocopper-Labeled MAbs 

1. Alumina-backed silica gel thin-layer chromatography (TLC) foil, 50 x 200 mm 
(Merck). 

2. TLC solvent: a mixture of 1 vol of 10% ammonium acetate in H2O and 1 vol of 
methanol. 

3. 50 ml sodium EDTA solution, pH 7.0. 

4. Equipment for electronic autoradiography (e.g., Phosphor Imager or Packard Elec- 
tronic Imager) or facilities for exposing and developing X-ray film (Amersham 
Biosciences). 

5. Packard y-spectrometer (Perkin-Elmer). 

2. 1.4. Assessment of Immunoreactivity of Radiocopper-Labeled MAbs 

1. Twenty-four-well microtiter plates coated with target cells, store at -20°C. 

2. Blocking buffer: PBS containing 0.5% (w/v) bovine serum albumin (BSA). 

3. Radiocopper-labeled-CPTA or -D03A labeled MAb, and unlabeled MAb. 

4. lNNaOH. 

5. Plastic tubes of appropriate size for use in the y-counter. 

6. y-counter with energy window adjusted to 160-210 keV. 

2.2. Site-Specific Labeling of Antibody Fragments with 99m Tc/ 188 Re 

2.2. 1. Preparation of 99m Tc-Tricarbonyl Precursor 

1. NaBIL; puriss p. a., >96%, stored dry at ambient temperature. 

2. Na2CC>3 purum, stored dry at ambient temperature. 

3. NaK-tartrate MicroSelect, >99.5% (Fluka), stored dry at ambient temperature. 

4. Carbon monoxide (g), quality 37, 99.9% (Carbagas). 

5. Neutralizing solution: 25% mixture of 1 M sodium phosphate buffer, pH 7.4 and 
75% 1 M hydrochloric acid. 

6. "Mo/ 99m Tc0 4 - generator (Mallinckrodt-Tyco, Petten, The Netherlands). 

7. Sterile 10-mL glass vial or 10-mL serum vial with rubber stopper and aluminum 
cap. 

8. Lead shielding. 

9. Well-ventilated hoods. 

10. As an alternative to the previous equipment, a lyophilized kit (IsoLink™; 
Mallinckrodt, Tyco) is also available for the preparation of the Tc-carbonyl core. 

2.2.2. Preparation of 188 Re-Tricarbonyl Precursor 

1. BH3NH3 pract., -90%, stored at 0-4°C. 
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2. Phosphoric acid 98% pure. 

3. Carbon monoxide (g), quality 37, 99.9%. 

4. 188 W/ 188 Re0 4 " generator (Oak Ridge National Laboratories). 

5. Sterile 10-mL glass vial or a 10-mL serum vial with rubber stopper and aluminum 
cap. 

6. Plexiglas and lead shielding. 

7. Well- ventilated hoods. 

2.2.3. Assessment of Radiochemical Purity of 99m Tc/ 188 Re-Tricarbonyl 
Precursor 

1. Glass-backed silica gel TLC plates (Merck 60F 254 ): 15 x 200 mm. 

2. Paper chromatography (PC) strips (Whatman No.l): 15 x 200 mm. 

3. TLC solvent: 99.9% methanol, 0.1% concentrated HC1. 

4. PC solvent: 99.5% methanol, 0.5% 6 M HC1. 

5. y-counter or y-radiation TLC scanner. 

6. HPLC-system equipped with a radiometric y-detector. 

7. C-18 reversed-phase column, h = 150 mm x d = 4.1 mm (Macherey-Nagel, Oensin- 
gen, Switzerland). 

8. HPLC solvents: 0.05 Mtriethylammonium phosphate (TEAP) buffer, pH 2.25 (sol- 
vent A) and methanol (solvent B). 

2.2.4. Labeling of His-Tagged ScFv Antibody Fragments 

1. scFv antibody fragment: 0.4-2.0 mg/mL in buffer (see Note 1). 

2. [ 99m Tc(H 2 0) 2 (CO) 3 ] + : 3.7 GBq/mL (from Subheading 3.2.1.). 

3. 1M 2-(N-morpholino) ethanesulfonic acid (MES) buffer hemisodium salt, pH 6.1. 

4. Eppendorf tubes. 

5. BlueMax 50-mL polypropylene tubes. 

6. Bio-Spin 6 (BioRad) columns or HighTrap desalting columns (Amersham Bio- 
sciences), equilibrated with PBS. 

7. Heating block for polypropylene tubes or incubator (37°C). 

8. y-counter with energy window adjusted to 160-210 keV. 

2.2.5. Assessment of Immunoreactivity 

1. FPLC system with Superdex75 column (Amersham Biosciences) equilibrated in 
PBS containing 0.05% (v/v) Tween 20. 

2. Carcinoembryonic (CEA) antigen (Sigma). 

3. Methods 

3.1. Labeling of Antibodies with 67 Cu 

3. 1. 1. Coupling of MAbs to CPTA-NHS 

1. Dissolve 15.5 mg of CPTA, 8 mg of NHS, and 38.2 mg of EDC in 1.0 mL of 100 
mM sodium phosphate buffer, pH 7.0 and stir at ambient temperature for 1 h (see 
Note 2). 
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2. Add 20 uL of this ligand/activated ester reaction mixture to 0.5 mL of MAb (1 mg) 
in PBS. Alternatively, add 25 uL of the reaction mixture to 0.5 mL of F(ab')2 (1 
mg) in PBS. Stir the solution at ambient temperature for 1 h. 

3. Buffer exchange into 100 mM sodium acetate buffer, pH 5.5 by five washes through 
an Amicon/Centricon centrifugation-dialysis microseparator (exclusion limit 30 
kDa). Concentrate the solution to 1 mg/mL (see Note 3). 

4. Determine protein concentration by measuring absorbance at 280 nm (1 OD ~ 0.7 
mg/mL). The ligand-coupled antibody can be stored at 4°C for at least 2 wk. 

3. 1.2. Coupling of MAbs to D03A-NCS 

1. Add 5 uL of an aqueous solution of D03A-NCS (70 mM) to 200^100 uL of 100 
mM sodium phosphate buffer, pH 8.0 containing 1 mg of intact MAb or 0.7 mg of 
F(ab')2 fragments. Adjust to pH 9-10 with a saturated solution of Na3PC>4 (see 
Note 2). 

2. Incubate the reaction mixture at 4°C overnight (16 h). 

3. Perform buffer exchange as described in Subheading 3.1.1., step 3. 

3. 1.3. Radiocopper Labeling of MAbs Substituted with CPTA- 
and D03A-Chelators 

Radiocopper labeling is performed in a properly shielded and controlled 
area (B containment area laboratory). The following protocol describes the 
labeling of up to 10 MBq (200 tig MAb), amounts that are sufficient for pre- 
clinical animal studies. It can be scaled up to label diagnostic (37.5 MBq) or 
therapeutic (1-2 GBq) doses of 67 Cu-MAb for clinical studies. In these cases, 
the procedures should be carried out in a hot cell. 

1. Equilibrate 200 tig (50 uL) of the CPTA/D03A-coupled immunoconjugates (Sub- 
headings 3.1.1. and 3.1.2.) with 100 mM sodium acetate buffer, pH 5.5, in a total 
vol of 500 uL. React this mixture with 18.5 MBq (500 liCi) of neutralized 67 Cu 
solution at ambient temperature for 30 min (see Note 4). 

2. Add 50 mM sodium EDTA stock solution to a final concentration of 5 mM. Incu- 
bate for 5 min to complex free copper. Unchelated copper readily binds to protein 
and TLC solid phase, and interferes with subsequent quality-control procedures 
(Subheading 3.1.4.). 

3. Purify the labeled immunoconjugates by FPLC on a Superosel2 gel-filtration col- 
umn equilibrated with PBS. 

4. Collect 0.5-mL elution fractions and monitor A280 and radioactivity (cpm) using a y 
counter. 

5. Pool fractions corresponding to intact MAb (retention time: 24 min) or F(ab')2 
fragments (retention time: 26 min). Store at 4 °C prior to use (see Note 5). 

Fig. 3 shows the purification of 67 Cu-D03A-chCE7 by FPLC chromatogra- 
phy on Superosel2 (A) and a double reciprocal plot of binding to target tumor 
cells (B) for evaluating immunoreactivity. 
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Fig. 3. Purification (A) and immunoreactivity (B) of 67 Cu-D03A-labeled MAb 
chCE7. A: Fast protein liquid chromatography (FPLC) gel-filtration chromatography 
on Superosel2. Upper trace: Radioactivity (ips). Lower trace: OD 280 nm. The arrow 
depicts the peak of intact 67 Cu-D03A-MAb chCE7. B: Double-inverse immunoreac- 
tivity plot for 67 Cu-D03A-chCE7. Y-axis: Total radioactivity (T) divided by specifi- 
cally bound activity (s). X-axis: Inverse of cell concentration (1/c) (mL/million). The 
arrow depicts the intercept on the y-axis (1), corresponding to 100% immunoreactivity. 
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3. 1.4. Assessment of Radiochemical Purity and Radionuclide 
Identity of 67 Cu-labeled Antibodies 

1. Spot 2 uL of 67 Cu-labeled antibody solution (approx 100,000 cpm) on a 50 x 200 
mm piece of alumina-backed silica gel foil. 

2. Develop the chromatogram in a solvent system consisting of a 1 vol: 1 vol mixture of 
10% ammonium acetate in H2O and methanol. Protein-bound radioactivity remains 
at the origin, whereas the Cu-EDTA complex migrates to the front. 

3. Measure the distribution of radioactivity by electronic autoradiography or with 
autoradiography using an X-ray film. 

4. Determine radionuclide identity by y-spectroscopy (see Notes 6 and 7). 

3. 1.5. Assessment of Immunoreactivity of Radiocopper-Labeled MAbs 

1. Coat 24- well microtiter plates with the target tumor cells — e.g., SK-N-AS human 
neuroblastoma cells in the case of MAb chCE7 (7). Prepare quadruplicate wells 
with 4 x 10 6 , 3 x 10 6 , 2 x 10 6 , 1.5 x 10 6 , 1 x 10 6 , 0.75 x 10 6 cells/well, dry the 
plates at ambient temperature for 48 h, and store dry at -20°C (see Note 8). 

2. Block wells with 500 |lL/well of PBS-0.5% BSA (blocking buffer) at 37°C for 1 h. 

3. Add to each set of duplicate wells: 50 ng (100,000 cpm) of 67 Cu-CPTA or -D03A- 
labeled MAb in blocking buffer. In parallel, add 10 (_Lg of the same MAb in unla- 
beled form in blocking buffer to sets of duplicate wells in order to evaluate nonspe- 
cific binding. Incubate antibody solutions at 37°C overnight (16 h) (see Note 9). 

4. Wash wells 3x with 500 uL of ice-cold blocking buffer. Dissolve cells in 500 
uL/well of 1 TV NaOH. Transfer into tubes and count radioactivity in a y-counter 
(see Note 10). 

3.2. Site-Specific Labeling of Antibody Fragments with 99m Tc/ 188 Re 

3.2. 1. Preparation of 99m Tc-Tricarbonyl Precusor 

Preparation should take place in a well-ventilated hood (generation of 
gaseous radioactivity) with appropriate lead shielding. 

1. Place 15 mg of NaK-tartrate, 4 mg of Na 2 C0 3 , and 5.5 mg of NaBH 4 in a 10-mL 
glass vial or a 10-mL serum vial. Seal the vial with an aluminum-capped rubber 
stopper and flush it with carbon monoxide for 20 min (see Note 11). 

2. Inject 3 mL of the 99m Tc0 4 - solution ("Mo/ 99m Tc0 4 - generator eluate, 5-8 
GBq/mL saline; see Note 12) into the vial. Avoid injecting any air into the vial dur- 
ing the addition of TcO/f. Incubate the reaction mixture at 75°C for 30 min. Bal- 
ance the pressure from the generated CO gas using a 20-mL syringe. 

3. Cool mixture on ice and add 200 uL of the neutralization solution to adjust the pH 
to 7.0. Typical yield: >98%, determined by TLC and PC (see Note 13). 

3.2.2. Preparation of 188 Re-Tricarbonyl Precursor 

Preparation should take place in a well-ventilated hood (generation of 
gaseous radioactivity) with appropriate lead shielding. 
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1. Place 5 mg of BH3NH3 in a 10-mL glass vial or a 10-mL serum vial. Seal the vial with 
an aluminum-capped rubber stopper and flush it with carbon monoxide for 20 min. 

2. Mix 1 mL of the 188 Re0 4 " solution ( 188 W/ 188 ReOr generator eluate; 3-5 GBq/mL) 
gently with 6 mL of H3PO4 (98%). Inject the mixture into the reaction vial care- 
fully without adding any air. Incubate the reaction mixture at 60°C for 15 min. Bal- 
ance the pressure from the evolving H2 gas using a 20-mL syringe. 

3. Cool the reaction mixture on ice. The final pH of the reaction solution is 7.5. Typi- 
cal yield: 85 ± 5%, determined by TLC and PC (see Note 13). 

3.2.3. Assessment of Radiochemical Purity 
of the 99m Tc/ 188 Re-Tricarbonyl Precursor 

3.2.3.1 . TLC/PC Analysis 

1. Spot 2 [ih of the 99m Tc/ 188 Re-tricarbonyl solution (about 50,000 cpm) on a 15 x 
200 mm glass-backed silica gel plate and/or a 15 x 200 mm paper strip. 

2. Develop the chromatogram in a mixture of 99% methanol/1% cone, hydrochloric 
acid (TLC) and/or a mixture of 99.5% methanol/0.5% 6 M hydrochloric acid (PC). 

3. Analyze the distribution of radioactivity by electronic autoradiography or by scan- 
ning with a y-radiation TLC scanner. On silica gel, the tricarbonyl precursors reveal a 
retention factor (Rf) of 0.3, and unreacted 99m TcO/f or 188 ReO/f show a Rf of 0.7. On 
PC the tricarbonyl precursors reveal a Rf of 0.7, whereas unreacted 99m TcOzr or 
188 Re04" show a Rf of 0.4. Colloidal TCO2 or Re02 remains in both systems at the 
origin. 

3.2.3.2. HPLC Analysis 

1. Load 2-5 mL of the 99m Tc/ 188 Re-tricarbonyl solution (about 150,000 cpm) into the 
injection loop. 

2. Set up and run the following HPLC gradient, at 1 mL/min: 

0-3 min: 100% solvent A 

3-9 min: 75% solvent A/25% solvent B 

9-20 min: linear gradient of 66% solvent A/34% solvent B to 100% 

solvent B 
20-22 min: 100% solvent B 

22 min onward: 100% solvent A 

3. The tricarbonyl precursors show a retention time of 4-5 min, whereas unreacted 
99m Tc Q 4 - or 188 Re0 4 " show a retention time of 9-10 min. 

3.2.4. Labeling of His-Tagged ScFvs 

1. Mix 2 parts of scFv antibody solution — e.g., 200 |lg protein in 200 |lL buffer (see 
Notes 1 and 15) with 1 part (100 |lL) of 1 M MES buffer and 1 part (100 |iL corre- 
sponding to -370 MBq) of neutralized 99m Tc-tricarbonyl ( 188 Re- tricarbonyl) solution. 

2. Incubate at 37°C for 30 min to 1 h. 

3. Separate the labeled scFv from free 99m Tc-tricarbonyl and 99m Tc04~ by gel-filtra- 
tion methods such as the HighTrap desalting column (250 |lL-1.5 mL volume) or 
the Bio-spin 6 column (75 |0L-100 \\L volume) (see Note 15). 
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Fig. 4. Purification and immunoreactivity of 99m Tc-tricarbonyl-labeled scFv MFE- 
23. FPLC gel-filtration chromatography on Superdex75 monitored with online radioac- 
tivity detector. In the presence of excess CEA radioactivity is shifted from the scFv 
peak to a high mol wt CEA-scFv complex 



3.2.5. Assessment of Biological Activity 

Immunoreactivity after labeling can be evaluated by a cell-binding assay 
(see Subheading 3.1.5.) or by a gel-shift assay, as exemplified here for the 
labeling of scFv MFE-23: 

1. After labeling and purification of the scFv antibody by the Bio-Spin desalting col- 
umn, mix 100-500 ng of the labeled scFv with a 10-100x molar excess of free sol- 
uble CEA and incubate at ambient temperature for 30 min. 

2. Apply this mixture to a Superdex75 gel-filtration column, equilibrated in PBS con- 
taining 0.05% (v/v) Tween 20. Monitor protein separation by A280 and a HPLC- 
radioactivity monitor (Berthold LB-506). Alternatively, collect 0.25-mL fractions 
and count radioactivity in a y-counter. 

3. Immunoreactive antibody fragments (25 kDa) will bind to CEA (120 kDa), and the 
radioactive peak will elute with an apparent mol wt of 145 kDa. Non-binding frag- 
ments will elute with a mol wt of 25 kDa. The ratio between the area at 145 kDa 
and 25 kDa can be used as a value for the biological activity of the labeled scFv. 

Fig. 4 shows the radioactivity profiles of a gel-filtration separation of 99m Tc- 
carbonyl-labeled MFE-23 after incubation with excess CEA. 
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4. Notes 

1. The antibody buffer should be free of EDTA, imidazole, azide, citrate, or Tris base, 
as these substances will interfere with the labeling procedure. 

2. The amount of chelator coupled to the antibody influences immunoreactivity and 
biodistributions. The optimal chelator/antibody ratio should be determined experi- 
mentally for every antibody system. For MAb chCE7 (7), which contains 92 lysine 
residues, we found that derivatizing more than 1 1 lysine residues leads to impaired 
immunoreactivity and unfavorable biodistributions. For substitution of MAb 
chCE7 with CPTA-NHS, our protocol uses a molar ratio of chelator to MAb of 
90/1, leading to a mean of 1-2 chelators coupled each MAb molecule. The effi- 
ciency of the D03A-NCS coupling reaction is higher. A molar ratio of chelator to 
MAb chCE7 of 45/1 will lead to a mean of 8-10 chelators coupled to each MAb. 

3. After the coupling reaction, excess chelator can be removed and buffer can be 
exchanged by centrifugation/dialysis or, alternatively, by FPLC size-exclusion 
chromatography on a Superosel2 column. A longer column is preferred to a short 
desalting column because, in addition to separating unbound Cu-EDTA, the former 
is able to remove protein aggregates, which would lead to high levels of unwanted 
radioactivity in the liver and/or spleen. 

4. Some MAbs have a tendency to form aggregates. In these cases, radiocopper label- 
ing can be performed in 0.2 M sodium acetate buffer pH 5.5 and subsequently puri- 
fied by gel-filtration chromatography in threefold concentrated (3X) PBS. 

5. After copper labeling and purification of labeled antibody, more than 95% of the 
radiocopper is associated with antibody. Typical labeling yields are up to 50%, and 
specific activities are approx 37.5 Mbq (1 mCi)/mg. 

6. Radionuclide identity can be determined by y-spectroscopy. We found that in anti- 
body preparations labeled via the CPTA chelator, the amount of the main contami- 
nants 67 Ga (T1/2: 78.3 h) and 57 Ni (T1/2: 36 h) is less than 5%, and there is less than 
0.1% 65 Zn (T1/2: 244.3 d) present in the 67 Cu-labeled antibody preparations. 

7. 64 Cu is present in the 67 Cu-labeled antibody preparation, the amount depending on 
the time that has elapsed after 67 Cu production (end of bombardment, EOB). An 
antibody preparation delivered 72 h after EOB with an actual activity of 37 MBq of 
67 Cu contains an additional 37 MBq of 64 Cu. Because of its shorter half-life, the 
activity resulting from 64 Cu declines more rapidly than 67 Cu. Since the photons 
emitted by 64 Cu contribute to the radiation burden of the patient and have an impact 
on image resolution, it would be advisable to determine the amount of 67 Cu and 
64 Cu that is present at the time of administration by measurement with a y-spec- 
trometer or a calibrated ionization chamber (8). 

8. As an alternative to the protocol described here for MAb chCE7, binding assays 
can be performed with live target cells, either in suspension or attached to 
microtiter plates. If the target antigen or its peptide epitope are available, it can be 
attached to a solid-phase support, and binding is measured at various antigen con- 
centrations (9). 

9. The amount of radiocopper-labeled antibody or antibody fragments used for the 
binding assay should not exceed the concentration necessary for half-maximal 
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binding (KJ), the amount used to measure nonspecific binding should be up to a 
1,000-fold excess. 

10. Immuoreactivity is determined by measuring the binding of radiocopper-labeled 
antibodies to increasing numbers of target cells and the extrapolation of specific 
binding to infinite cell number according to Lindmo (10). Fig. 3B shows a double 
reciprocal plot of binding of 67 Cu-D03A-chCE7 to increasing numbers of neurob- 
lastoma cells. Extrapolation to infinite cell-number intercepts on the y-axis to total 
T/S [total radioactivity (T) divided by specifically bound radioactivity (S)]. The 
intercept on the y-axis of 1 corresponds to 100% immunoreactivity. 

11. A kit formulation of 99m Tc-tricarbonyl is also available from Mallinckrodt-Tyco 
under the name "Carbonyl Labeling Agent." The preparation of 99m Tc-tricarbonyl 
with this kit will avoid for need for carbon monoxide handling. 

12. Yields of 99m Tc-tricarbonyl drop significantly when the 99 Mo/ 99m Tc-generator is 
older than 3 wk or after 3^4 d without elution of the generator. Daily elution and 
use of fresh saline can avoid these problems. 

13. Free 99m Tc-tricarbonyl and 188 Re-tricarbonyl precursors are stable at neutral and 
acidic pH for several hours under anaerobic conditions. The main decomposition 
products are 99m TcO/f (pertechnetate) or ReCU" (perrhenate). 

14. Beware of cleavage of the His-tag by prolonged storage of proteins in the presence 
of imidazole (IMAC eluant) at acidic pH. 

15. Labeling yields are 70-95% and depend on protein concentration. At 1 mg/mL 
final concentration, labeling will be complete after 15 min, and at 0.2 mg/mL com- 
plete labeling will take up to 2 h. At low antibody concentrations, the incubation 
tube should be flushed with with N2 or CO to reduce the amount of decomposition 
products (pertechnetate or perrhenate). 
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Production and Characterization 
of Anti-Cocaine Catalytic Antibodies 

Paloma de Prada and Donald W. Landry 

1. Introduction 

Cocaine abuse has become a major health problem in recent decades, and 
the problem has been greatly accentuated by the appearance of crack cocaine, 
the more potent free base of the natural alkaloid. Cocaine's primary molecular 
target is the dopamine reuptake transporter at the nucleus accumbens. By 
blocking reuptake, cocaine enhances dopaminergic neurotransmission, which 
activates the reward pathway. The result is reinforcement of drug-taking behav- 
ior in species ranging from mouse to man, and in human subjects, the percep- 
tion of euphoria. This peculiar mechanism of action has limited the therapeutic 
approaches to the treatment of cocaine abuse because of the inherent difficulty 
of "blocking a blocker." One plausible alternative is the neutralization of the 
drug before it reaches its target in the brain, and antibodies, a class of natural 
binders, would appear to be well-suited for the task. Several active and passive 
cocaine vaccines have already been tested with a fair degree of success (1,2), 
but the elevated concentration of antibody required for binding and neutraliz- 
ing cocaine blood levels is still a problem to be overcome. This hurdle is less 
difficult for a catalytic antibody, which not only binds, but also destroys what it 
binds to. 

Jenks (3) introduced the concept of catalytic antibodies some 30 years ago, 
suggesting that by using stable transition-state analogs as haptens during 
immunization, custom-made catalytic activities could be generated. With the 
advent of monoclonal antibody (MAb) technology, the field exploded in the 
1990s, and today, more than one hundred different activities have been 
reported (4). We undertook the task of creating a cocaine-hydrolyzing antibody 
that would target the benzoyl ester group. Cleavage at the benzoyl ester would 
yield ecgonine methyl ester and benzoic acid — metabolites of cocaine — without 
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a toxic or reinforcing effect (Fig. 1). A transition-state analog resembling the 
tetrahedral intermediate, and by extension the putative transition state, was 
obtained by replacing the benzoyl carbonyl with a phosphonate group. The 
analog was linked to bovine serum albumin (BSA) by a nine-atom tether 
attached at the carbomethoxyl group. Several MAbs were recovered from mice 
that possessed cocaine esterase activity (5), and the most active of them, MAb 
15A10, has been tested in animal models with very promising results (6,7). 

This chapter reviews the generation of anti-cocaine catalytic antibodies, 
including the processes of immunization, fusion, cloning, screening, and test- 
ing of catalytically active antibodies. 

2. Materials 

2. 1. Immunization 

1. Six Balb/c female mice per immunization. 

2. Complete and incomplete Freund's adjuvant (Sigma). 

3. Sterile phosphate-buffered saline (PBS): 1.5 mM KH 2 P0 4 , 8.1 mMNa 2 HP0 4 , 2.7 
mM KC1, 140 mM NaCl, pH 7.2-7.4. 
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4. Transition- state analog 1 (TSA-1) (Fig. 1) conjugated to the carrier protein (BSA), 
diluted in PBS, and filter-sterilized. 

2.2. Cell Fusion and Cloning 

1. Equipment needed: laminar flow hood, 5% CO2 37°C incubator, liquid nitrogen for 
cell storage, phase-contrast microscope (to monitor cell growth), autoclaved scis- 
sors, and forceps (to collect splenocytes). 

2. NS-1 myeloma cells (American Type Culture Collection). 

3. Growth media: Iscove's Modified Dulbecco's Medium (IMDM) (Gibco-BRL/Invit- 
rogen). 

4. HAT-1 media (selection media): 500 mL of IMDM (Gibco-BRL/Invitrogen) con- 
taining 10% hybridoma cloning factor (HCF) (Origen), 10% fetal calf serum (FCS) 
(Hyclone) and 10% HAT-1 (Sigma). 

5. Sterilized 50% polyethylene glycol (PEG) 1,500 diluted in growth media. 

6. 96-well culture plates (Falcon), culture flasks (NUNC brand), and cryotubes with 
screw caps (NUNC brand). 

7. 70% ethanol. 

2.3. ELISA with Anti-Cocaine Catalytic Antibodies 

1. 96-well ELISA plates (NUNC brand). 

2. PBS, pH 7.4 (Subheading 2.1). 

3. TSA-1 conjugated to ovalbumin. 

4. Blocking solution: 1% BSA diluted in PBS. 

5. Washing solution: 0.4% BSA and 0.05% Tween-20 in PBS. 

6. Secondary antibody: goat anti-mouse IgG (H + L) antibody conjugated to horse- 
radish-peroxidase, HRP (Zymed), diluted according to the manufacturer's guide- 
lines in washing solution. 

7. HRP substrate: 1-StepABTS (Pierce). 

8. ELISA microplate reader (Molecular Devices). 

9. Platform shaker. 

2.4. Purification of IgG 

1. Protein G Sepharose (Amersham Biosciences). 

2. Binding buffer: 50 mM sodium phosphate buffer, pH 7.4. 

3. Elution buffer: 20 mM sodium glycine buffer, pH 2.0. 

4. Neutralization buffer: 1 MTris-HCl, pH 8.0. 

5. Centriplus 30K Centrifugal Filter Devices (Amicon). 

6. PD10 Sephadex desalting columns (Amersham Biosciences). 

7. PBS, pH 7.4 (Subheading 2.1., item 3) to equilibrate the desalting column. 

2.5. Catalytic Activity Assay 

1. Reaction buffer: 50 mM sodium phosphate buffer, pH 7.4. 

2. 5 mM cocaine stock solution in PBS, pH 7.4. 

3. 3 H-cocaine, labeled in the phenyl ring 0.05 mCi/mL, 1.25 Ci/mMol (NEN). 
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4. 3.1 mM (1 mg/mL) Free-TSA diluted in PBS. 

5. Purified catalytic antibody (from Subheading 3.4.). 

6. 0.1WHC1. 

7. Supelclean LC-SCX SPE anion-exchange mini-columns (Supelco). 

8. Methanol. 

9. 0.2NNaOH. 

10. Ready Protein Scintillation fluid (Beckman Coulter) and 7-mL scintillation vials 
(Kimble). 

3. Methods 

3. 1. Immunization 

1. Mix 100 |lg of the TSA 1-BSA conjugate diluted in PBS with an equal volume of 
Freund's Complete Adjuvant and generate an emulsion thick enough that it does 
not disperse when a drop is placed in saline solution. Use a total of 200 |lL of the 
emulsion, and inject half of it intraperitoneally and the other half subcutaneously. 

2. Perform a second injection 4 wk after the first immunization, preparing the antigen 
exactly as described in step 1, but using Freund's Incomplete as the adjuvant. Col- 
lect blood 10 d after the second immunization, and based on the results of the 
ELISA (see Subheading 3.3.) with polyclonal sera, select those mice with highest 
titer to be used for fusion. 

3. Boost animals selected for fusion by injecting into the tail vein 50 (_Lg of the antigen in 
sterile PBS in a volume not to exceed 100 |XL. The animals can be sacrificed 5-7 d 
after the boost injection, or later if further boost injections are planned (see Note 1). 

3.2. Cell Fusion and Cloning 

1. Feeder cells are isolated from the spleens of two naive mice sacrificed by CO2 
asphyxiation. Swab the animals with 70% ethanol, carefully remove the spleens, and 
press them between two frosted microscope glass slides to release the splenocytes. 
Wash the cells once with growth media, and collect by centrifuging the suspension 
for 5 min at 400g. Discard the supernatant and resuspend the splenocytes in HAT-1 
media. Plate the cells on 96-well plates, using 50 |lL of the cell suspension per well. 

2. Myeloma cells (NS-1) are grown in growth media, harvested, washed twice with 
growth media, and finally resuspended in IMDM growth media at a cell density of 
2.5 x 10 6 cells/mL. 

3. Splenocytes from immunized mice are obtained using the same procedure 
described for feeder cells, washed 3x with growth media, and resuspended to a cell 
density of 1 x 10 8 cells/mL. 

4. Pool myeloma cells and splenocytes together and wash twice with growth media. 

5. Aspirate the supernatant completely and break up pellet by gently tapping the tube. 
Add 1 mL of 50% PEG 1,500 dropwise over a 1-min interval while continuously 
stirring with a pipet tip. 

6. Slowly add 9 mL of growth media as follows: 1 mL over a 1-min interval and 3 mL 
over a 3-min interval, and finally, add the final 5 mL. Incubate at 37°C for 5 min. 
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Add 40 mL growth media and centrifuge at 400g for 7 min. Resuspend pellet in 10 
mL of HAT-1 media, add an additional 40 mL of HAT-1 media, and transfer to a 
150-cm 2 flask. 

7. Incubate overnight for 16-24 h at 37°C. 

8. Harvest cells from flask and centrifuge at 400g for 10 min. Resuspend in 10 mL of 
HAT- 1 media and further dilute with an additional 150 mL of HAT-1 before plat- 
ing 150 |0L in each well of the feeder plates (from step 1). 

9. Incubate at 37°C for 6-8 d and then check for the appearance of colonies. Test the 
mini-culture supernatant by ELISA (see Subheading 3.3.) to determine which are 
producing antibodies of the desired specificity and should be further studied. 

10. Cloning is done by limit dilution: cells from growing colonies are diluted in fresh 
growth media to a cell density of 0.3-0.5 cells per well and grown at 37°C for 7 d. 
Repeat this process at least two more times to improve cloning efficiency (see Note 2). 

3.3. Screening for Anti-Cocaine Catalytic Antibodies (see Note 3) 

1. Coat plates for 2 h at 37°C with a 10 |ig/mL solution of the antigen (TSA-1) cou- 
pled to ovalbumin in PBS. As an alternative, the plates can be coated overnight at 
4°C. 

2. Discard the coating solution and block plates with 300 |0L of blocking solution for 
1 h at 37°C. 

3. Discard the blocking solution and wash plates twice with PBS. The plates are now 
ready for enzyme-linked immunosorbent assay (ELISA). 

4. Take 50 |lL of supernatant from the fusion plates and incubate in the plates for 1 h 
at room temperature on a platform shaker. 

5. Wash 3x with washing solution before adding 50 |0L of the HRP-conjugated goat 
anti-mouse antibody, and incubate for 1 h at room temperature with constant shaking. 

6. Wash again 3x with washing solution and twice with PBS, add 50 |lL of HRP sub- 
strate, and incubate at room temperature until color develops. 

7. Color can be quantitated on an ELISA reader at 405 nm, or simply look for the 
presence or absence of color. 

3.4. Purification of IgG 

1. The clones selected for further studies are scaled up to T150 flasks for antibody 
production. Collect the spent medium by centrifugation and add binding buffer to a 
final concentration of 0.05 M, to adjust the pH of the sample. The sample is now 
ready to be applied to the column. 

2. Equilibrate the Protein-G column (see Note 4) with running buffer until the pH of 
the eluant is equal to that of the buffer. Load the sample and wash the column with 
ten bed-volumes of running buffer, followed by ten bed- volumes of running buffer 
containing 0.5 M NaCl, to release nonspecific binding proteins. 

3. Elute the protein with two bed- volumes of elution buffer. Make sure that the eluted 
fraction is quickly neutralized by adding neutralization buffer to the sample as it 
drips off the column. 
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4. Concentrate using Centriplus concentrators and pass the sample through a PD-10 
desalting column, previously equilibrated with PBS, pH 7.4, to place the antibody 
in a buffer that is compatible with the activity assay (see Note 5). 

3.5. Catalytic Activity Assay 

1. Two sets of assays will be run, using only catalytic antibody or catalytic antibody 
pre-incubated with unconjugated transition-state analog (free-TSA), to ensure that 
catalysis can be inhibited by the original antigen. 

2. The reaction mix contains the following: 50 mM sodium phosphate, pH 7.4, 1 mM 
cocaine, 5-10 |ig of catalytic antibody, a trace amount of 3 H-cocaine, and PBS to 
complete to a final volume of 100 |lL. 

3. Put the antibody, the phosphate buffer, and the water in microfuge tubes, and label 
half of them "TSA+" and the other half as "TSA-". Add TSA to half of them and an 
equal volume of water to the other tubes to compensate for the volume difference. 
Incubate on ice for 10-20 min, to allow binding of inhibitor to antibody to occur. 

4. Next, add 20 |lL of a substrate mix containing the 5 mM cocaine and 3 H-cocaine 
diluted 100-fold in PBS to the reaction tubes, mix well by vortexing, and briefly 
spin down the tubes before placing them at 37°C for overnight incubation. 

5. Stop the reaction by adding 100 |0T of 0.1 NHC\, mixing well and spinning briefly 
in a microfuge. 

6. To prepare the anion-exchange mini-columns, wash with 2 mL of methanol fol- 
lowed by 2 mL of water. Place the reaction mix on top of the column and apply vac- 
uum (or open the bottom of the column if it is run by gravity) until it completely 
enters the resin bed. Be careful not to let the column go dry. 

7. Wash the column twice with 0.5 mL of water followed by two washes with 0.75 mL 
of 0.2 N NaOH. Collect all the fractions eluted from the column in four scintillation 
tubes (two for the water fractions and two for the NaOH ones), add scintillation 
fluid, and read them on a scintillation counter. 

8. The first two fractions will contain the acidic unbound fraction of the reaction mix 
(benzoic acid), and the fractions from the NaOH wash will contain non-hydrolyzed 
cocaine. The activity is calculated from the ratio between the eluted benzoic acid 
and the unreacted labeled cocaine. 

4. Notes 

1. To achieve higher titer and better quality of antibodies, more boost injections can 
be done, allowing at least 3 wk between the boosts. 

2. Hybridoma cell lines should be cloned 3x at least, to reduce the probability of 
growth of non-producing variants. 

3. Antibody binding is highly variable; try to keep all the assay conditions (incubation 
times, temperature, buffer pH, composition) as constant as possible from one batch 
to the other to avoid artifacts. 

4. Protein-A Sepharose can also be used for antibody purification of murine antibod- 
ies. In our particular case, we obtained better yields and higher purity using Protein 
G Sepharose. 
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5. The purification run can be easily followed by checking the eluted fractions on 
ELISA plates coated with TSA-ovalbumin conjugate. 

6. 3 H-cocaine is usually diluted in methanol to make stock solution. Since methanol 
can inhibit the reaction, it is recommended to evaporate it under nitrogen before 
mixing it with the non-radioactive cocaine to make the substrate mix. 

7. Instead of using anion-exchange columns to quantitate the reaction products, the 
reaction mix can be extracted using an Ether/Hexane (1:1) solvent; the organic 
phase will contain the hydrolyzed products. It is important to acidify the reaction 
mix and repeat the extraction 3x to minimize unrecovered products, pooling all the 
extracted fractions together and counting them in scintillation fluid. 
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Recombinant Immunotoxins in the Treatment 
of Cancer 

Ira Pastan, Richard Beers, and Tapan K. Bera 

1. Introduction 

Recombinant immunotoxins are chimeric proteins composed of the Fv por- 
tion of a monoclonal antibody (MAb) fused to a portion of a toxin. The Fv 
replaces the cell-binding domain of the toxin and directs the toxin to cancer 
cells that express a target antigen. There are several features that make toxins 
attractive agents designed to kill cancer cells. They are very potent, and they 
are able to kill cells that are resistant to standard chemotherapy. Recombinant 
immunotoxins (RITs) have been produced that kill different types of cancer 
cells, as well as human immunodeficiency virus (HlV)-infected cells, taking 
advantage of gpl20 on the surface of HIV-infected cells. 

We have used Pseudomonas exotoxin A (PE) to produce RITs using the three- 
dimensional (3D) structure of PE as a guide. The structure shows that PE is 
made up of three major domains (1). Production of each of these domains in E. 
coli and associated functional studies have shown that domain la (a. a. 1-252) is 
the cell-binding domain, domain 2 (a.a. 253-364) is the translocation domain, 
and domain 3 (a.a. 396-613) is the adenosine diphosphate (ADP)-ribosylation 
domain that modifies elongation factor 2, leading to arrest of protein synthesis 
and programmed cell death (2). Domain lb is a minor domain with a function 
that is unknown; it can be removed without affecting cytotoxic activity. A sum- 
mary of the RITs now in clinical trials is presented in Table 1 (3-6). 

To make a RIT, the Fv portions of the light and heavy chains of a MAb are 
cloned, starting with RNA extracted from a hybridoma (Fig. 1). Then the two 
chains are assembled into a single-chain Fv (scFv) and fused to a 38-kDa form 
of PE (PE38) to make a single-chain recombinant immunotoxin (Fig. 2). 
Because scFvs are often unstable, we have developed a method of stabilizing 
the Fvs by connecting them together with a disulfide bond. In this approach, 
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Table 1 

Immunotoxins in Clinical Trials 



Clinical 










Name 


Lab Name 


Antigen 


Tumor Type 


Ref. 


BL22 


RFB4(dsFv)PE38 


CD22 


B-cell lymphomas 
and leukemias 


3 


LMB-2 


Anti-Tac(Fv)PE38 


CD25 


T-cell malignancies 
and some B-Cell 


4 


LMB-9 


B3(dsFv)PE38 


LE Y 


Colon and breast 


5 


SS1P 


SSl(dsFv)PE38 


Mesothelin 


Ovarian and mesothelioma 


6 



Hybridoma culture 



Subcloning of antibody 
producing clones 



-*- Isotyping of antibody 



Preparation of total RNA 
from hybridoma cells 



Primer design for isotype 
specific antibody 



cDNA synthesis and RACE 
PCR cloning of Fv region — 
into TA vector 



Nucleotide sequence analysis 
of the entire Fv region 



Cloning of Fv fragment into 
the expression vector 

Fig. 1. Flow chart of Fv cloning from hybridoma cell lines. 



the light chain and heavy chains of the Fv are first cloned. Then a cysteine 
residue is inserted into the framework region (FR) of each chain so the two 
chains can assemble into a disulfide-linked recombinant immunotoxin (dsFv 
RIT) (Fig. 2). As mentioned previously, dsFv RITs are preferred over single 
chain-containing molecules because of their greater stability (7). Usually, the 
heavy chain of the Fv is fused to PE38 and the light chain is inserted into a sep- 
arate expression vector. To express the proteins, we use T7-based vectors 
inducible with isopropyl-(3-D-galactopyranoside (IPTG) as originally 
described by Studier et al. (8). The two components of the RITs are expressed 
separately, and inclusion bodies are prepared and dissolved in guanidinium 
chloride containing a reducing agent, pooled, and renatured, and the RIT is 
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Fig. 2. Primer design and plasmid structures for expression cloning of Fv fragments. 
(A) Plasmids for expression of scFv and dsFv immunotoxin components. Schematic of 
a scFv and a dsFv immunotoxin is also shown. (B) Scheme of the Fv cloning and the 
relative position of the PCR primers used for the amplification and cloning procedure. 
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E. coli transformed with expression plasmid for V H -PE38 or Vl Subheading 3.2.1 
component 
1 
IPTG induction at OD600 2.0 to 3 .0 Subheading 3.2.2 

I 
Harvesting of induced cells Subheading 3.2.2 

1 
Cell lysis by lysozyme and TritonX- 1 00 Subheading 3.2.3 

1 
Centrifugation of lysate to collect inclusion body protein Subheading 3.2.3 

1 
Inclusion body washing Subheading 3.2.3 

I 
Denaturation and combination of Vh-PE3 8 and Vl components Subheading 3.2.4 
I 
Refolding of V H -PE38 and V L components Subheading 3.2.5 

1 
Dialysis of refolded V H -PE38 and V L components Subheading 3.2.5 

1 
Q-Sepharose Chromatography Subheading 3.2.6 

I 
MonoQ Chromatography Subheading 3.2.6 

1 
TSK Chromatography Subheading 3.2.6 

Fig. 3. Expression, refolding, and purification of RITs. Steps are as noted in Sub- 
heading 3.2. 

purified. Typical yields are 10% of the total protein present in inclusion bodies. 
RITs are stored frozen at -70°C. Their cytotoxic activity is measured on cul- 
tured cancer-cell lines expressing the appropriate antigen. A summary of the 
steps used to make RITs is shown in Fig. 3. 

2. Materials 

2. 1. Construction of Plasmids That Encode RITs 

2.1.1. Isolation of Total RNA 

1. Hybridoma cell line secreting antibody of interest. 

2. Trizol reagent (Invitrogen; Cat. #15596). 

3. Chloroform. 

4. Isopropyl alcohol. 

5. Diethylpyrocarbonate (DEPC)-treated water. 

6. 75% ethanol in DEPC -treated water. 

2. 1.2. cDNA synthesis, 5' -Rapid Amplification ofcDNA Ends (5' -RACE) 
and Analysis of Vh and Vl Immunoglobulin Sequence 

1. Purified total RNA from hybridoma (Subheading 3.1.1.). 

2. SMART RACE cDNA amplification kit (Clontech; Cat. #K181 1-1). 
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3. Isotype-specific oligo primers (5'— >3')\ 

a) V H : MGl-Hinge: ACC ACA ATC CCT GGG CAC AAT TTT CT; MG1-PCR: 
AGG GGC CAG TGG ATA GAC AGA TGG GGG TGT; MG2a-Hinge: TCT 
GGG CTC AAT TTT CTT GTC CAC C; MG2a-PCR: AGG GGC CAG TGG 
ATA GAC CGA TGG GGC TGT; MG2b-Hinge: GCT GGG CTC AAG TTT 
TTT GTC CAC C; MG2b-PCR: AGG GGC CAG TGG ATA GAC TGA TGG 
GGG TGT; 

b) V L : MK-Edge: CTC ATT CTT GTT GAA GCT CTT GAC AAT; MK-PCR: 
GGA TGG TGG GAA GAT GGA TAC AGT TGG TGC AGC. 

2. 1.3. Purification and TA Cloning of 5' -RACE Products 

1. 5'-RACE PCR mixture (Subheading 3.1.2.). 

2. SeaPlaque GTG low-melting-point agarose (FMC Bioproducts; Cat. #501 12). 

3. Electrophoresis buffer, IX TAE: 40 mM Tris-HCl, 1 ml EDTA, 20 mM acetic 
acid, pH 8.0. 

4. QIAquick gel extraction kit (Qiagen; Cat. #28704). 

5. TOPO TA cloning kit (Invitrogen; Cat. #450640). 

6. Max efficiency DH5 a E. coli (Invitrogen; Cat. #18258-012). 

7. LB/Amp agar plates: Luria-Bertani (LB) agar plates with 100 |lg/mL ampicillin. 

8. 50 mg/mL X-gal solution (Promega; Cat. #V394A). 

9. QIAprep8 miniprep kit (Qiagen; Cat. #27142). 

10. 10 mg/mL ethidium bromide solution. 

11. EcoRI restriction enzyme and reaction buffer (Roche). 

12. Basic local alignment search tool (BLAST) for immunoglobulin sequences, acces- 
sible at http://www.ncbi.nlm.nih.gov/igblast. 

2. 1.4. Cloning of the scFv Fragments into Expression Vector 
and Conversion of Fv Fragment to dsFv 

1. 5' oligo with Vh framework region 1 (FR1) sequence and Ndel restriction site 
(Ndel-VH; Fig. 2B). 

2. 3' oligo with Vh FR4 sequence and part of linker sequence that will overlap with 
V L 5' primer (VH-linker; Fig. 2B). 

3. 5' oligo with 3' linker sequence and Vl FR1 sequence (Linker- Vl; Fig. 2B). 

4. 3' oligo with Vl FR4 and Hindlll restriction sequence (VL-Hindlll; Fig. 2B). 

5. Taq DNA polymerase and reaction buffer (Applied Biosystems). 

6. Deoxynucleotide 5' triphosphate (dNTP), 2.5 mM each. 

7. SeaPlaque GTG low-melting-point agarose. 

8. Electrophoresis buffer, IX TAE (see Subheading 2.1.3.). 

9. QIAquick gel extraction kit. 

10. TOPO TA cloning kit with Max Efficiency DH5a E. coli. 

11. LB/Amp agar plates (see Subheading 2.1.3.). 

12. Oligonucleotide to mutate Vh44 and VlIOO residues to Cys (Kabat numbering). 

13. QuikChange site-directed mutagenesis kit (Stratagene; Cat. #200518). 

14. Ndel, EcoRI, and Hindlll restriction enzymes and reaction buffers (Roche). 



508 Pastan et al. 

15. T4 DNA ligase and reaction buffer (Roche). 

16. Immunotoxin expression vector pRB98-Amp obtainable from the corresponding 
author (IP). 

2. 1.5. Construction of Immunotoxin Plasmid 

1. Cloned scFv or dsFv fragment in TA vector (Subheading 3.1.4.). 

2. Immunotoxin expression vector pRB98-Amp. 

3. Ndel and Hindlll restriction enzymes and reaction buffers. 

4. SeaPlaque GTG low-melting-point agarose. 

5. Electrophoresis buffer, IX TAE. 

6. QIAquick gel extraction kit. 

7. T4 DNA ligase and reaction buffer. 

8. Max Efficiency DH5a E. coli. 

9. LB/Amp agar plates. 
10. QIAprep8 miniprep kit. 

2.2. Preparation of RITs 

2.2.1. Transformation of E. coli 

1. Competent BL21 (k DE3) E. coli (Invitrogen; Cat. #C6000-03). 

2. Falcon 2059 and 2052 tubes. 

3. SOC media (Invitrogen; Cat. #15544-034). 

4. LB agar plates with selective antibiotic (LB/Amp if the expression plasmid is ampi- 
cillin-resistant). 

2.2.2. Fermentation 

1. Super Broth (Biosource International). 

2. Incubator/shaker set to 37°C. 

3. 2-L baffled culture flasks. 

2.2.3. Inclusion Body Preparation 

1. TES buffer: 50 mM Tris-HCl, pH 8.0, 20 mM EDTA, 100 mM NaCl. 

2. Lysozyme (Roche; Cat. #837 059). 

3. 25% Triton X- 100. 

4. 250-mL centrifuge bottles. 

5. Sorvall RC5B centrifuge with GSA and SS34 rotors. 

6. Tissuemizer and Tissuemizer probes, large and small (Janke & Kunkel, Ultra Tur- 
raxT25). 

7. Sonicator. 

8. Pierce Coomassie Plus reagent (Pierce; Cat. #1856210). 

2.2.4. Solubilization and Denaturation 

1. GTE buffer: 6 M guanidine HC1, 100 mM Tris-HCl, pH 8.0, 2 mM EDTA. 

2. Dithioerythritol (DTE). 
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2.2.5. Refolding 

1. Refolding buffer: 100 mM Tris-HCl, 1 mM EDTA, 0.5 M arginine, chill to 10°C, 
adjust pH to 9.5, add 551 mg/L reduced glutathione just before use. 

2. Dialysis buffer: 20 mM Tris-HCl, pH 7.4, chill to 4°C then add urea to a concentra- 
tion of 100 mM just before use. 

3. 0.45-|im ZapCap Filter units (Scheleicher & Schuell). 

4. Dialysis tubing (mW cut-off <50 kDa). 

5. 10°C cold room or cold box (VWR Scientific). 

6. 50-L dialysis tank. 

7. Conductivity meter. 

2.2.6. Chromatography 

1. Chromatography buffer A: 20 mM Tris-HCl, pH 7.4, 1 mMEDTA. 

2. Chromatography buffer B: 1 M NaCl in Chromatography buffer A. 

3. Phosphate-buffered saline (PBS): 20 mM KH 2 P0 4 , 50 mM Na 2 HP0 4 , 0.15 M 
NaCl, pH 7.4. 

4. Chromatography column HR 10/10 (Amersham Biosciences). 

5. Q-Sepharose Fast Flow chromatography media (Amersham Biosciences). 

6. Mono Q HR 10/10 column (Amersham Biosciences). 

7. Progel TSK G3000SW column (Tosoh Corp. of Japan). 

8. Chromatography Pump P-500 (Amersham Biosciences). 

2.3. Cytotoxicity Assay 

1. 96-well tissue-culture dishes. 

2. Appropriate tissue-culture media for the cell line to be assayed. 

3. PBS. 

4. Human serum albumin (HSA). 

5. 3 H-Leucine, 37 MBq/mL (1 mCi/mL) (Amersham Biosciences; Cat. #TRK510). 

6. Plate harvester (Tomtek). 

7. Micro Beta Trilux scintillation counter (Wallac). 

3. Methods 

3. 1. Construction of Plasmids That Encode RITs 

3.1.1. Isolation of Total RNA 

1. Take 5 x 10 6 cells from a frozen or growing hybridoma culture and add 1 mL of 
Trizol reagent in a microcentrifuge tube (1.5 mL). Lyse cells by continuous 
pipetting. 

2. Incubate the lysate at room temperature (15-20°C) for 5 min. 

3. Add 0.2 mL of chloroform and shake for 15-20 s. 

4. Incubate at room temperature for 5 min. 

5. Centrifuge the samples at 12,000g for 15 min at 4°C. 

6. Transfer the colorless upper aqueous phase to a fresh microcentrifuge tube. 
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7. Add 0.5 mL of isopropyl alcohol, mix, and incubate at room temperature for 10 
min. 

8. Centrifuge the samples at 12,000g for 15 min at 4°C. 

9. Remove and discard the supernatant. 

10. Wash the RNA pellet with 1 mL of freshly prepared and chilled 75% ethanol in 
DEPC-treated water. 

11. Vortex to resuspend pellet and centrifuge the samples at 12,000g for 5 min at 4°C. 

12. Discard the ethanol completely without disturbing the pellet and air-dry briefly for 
5-10 min. 

13. Resuspend the pellet in 20-25 |lL of DEPC-treated water and incubate at 55°C for 
10 min to ensure total resuspension. 

14. Quantify the RNA in a spectrophotometer (concentration, |ig/mL) = OD260nm x 
dilution factor x 40. 

15. Store the samples at -70°C until needed. 

3. 1.2. cDNA Synthesis and 5' -RACE Reaction 

1. Use 2.5 |ig of total RNA for each reaction along with 10 pmol of isotype-specific 
Vh hinge primer (heavy chain) or Vl MK-Edge primer (light chain). Set up the 
reaction as described in the SMART RACE cDNA amplification kit. 

2. Incubate the reaction mix at 42°C for 90 min. 

3. Heat inactivate the reaction by incubating the tubes at 72°C for 7 min. 

4. Set up the 5'-RACE PCR as described in the SMART RACE cDNA amplification 
kit with 10 pmol of isotype specific Vh- and Vl-PCR primer (Fig. 2B). Use 1 |j,L of 
the RACE-ready cDNA in 50 |iL reaction volume. Heat the mixes to 92°C for 4 
min and add 1 U of Taq polymerase per reaction. 

5. Perform the following cycles: 94°C for 1 min, 60°C for 1 min and 72°C for 1 min, 
of total 30 cycles, followed by incubation at 72°C for 5 min. 

3. 1.3. Purification and TA Cloning of RACE Products 

1. Prepare a 1.2% (w/v) low-melting-point agarose gel in IX TAE buffer with 1 
|ig/mL of ethidium bromide (preparative gel) and load the entire RACE PCR 
mixture. 

2. Excise the agarose gel fragment containing the expected size (Vh -850 bp; Vl 
-700 bp) PCR fragment using long-wavelength ultraviolet (UV) lamp and purify 
the DNA using the QIAquick gel extraction kit (see Note 1). 

3. Take 5-10 ng of purified PCR product in 4 |i,L volume and add 1 |i,L each of salt 
solution and TOPO TA vector (both from the TOPO TA cloning kit). Incubate at 
room temperature for 5 min. 

4. Transform 2 |iL of the ligation mix into 100 |lL of competent Max Efficiency DH5oc 
E. coli. After transformation and heat shock at 42°C, add 500 |lL of SOC media and 
incubate shaking at 37°C for 1 h. 

5. Plate 100 |lL of the culture onto an X-gal overlaid LB/Amp agar plate and incubate 
at 37°C overnight (X-gal plates are prepared by overlaying 30 |i,L of a 50-mg/mL 
X-gal solution on each plate, then air-dry.). 
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6. Select the isolated white colonies for plasmid DNA isolation using the QIAprep8 
miniprep kit, following the instruction described in the manual. 

7. Identify clones with insert by digesting the plasmid DNA from individual clone with 
EcoRI restriction enzyme and analyze by electrophoresis on a 1 .0% agarose gel. 

8. Deduce the nucleotide sequence and corresponding open reading frames (ORFs) of 
six independent clones and align them. Ideally, all clones should have the same 
sequence (see Note 2). 

9. Analyze the sequence by the BLAST program (Blastn) using the Kabat database 
(http://www.ncbi.nlm.nih.gov/igblast/). 

3. 1.4. Cloning of the scFv Fragment into TOPO TA Vector 

1. After the analysis of the nucleotide sequences of the heavy and light chain, design 
and synthesize PCR primers for Vh and Vl fragment. As shown in Fig. 2B, the 5' 
primer for Vh fragment (Ndel-VH) will start with a Ndel restriction site (CAT 
ATG) followed by the nucleotide sequence that corresponds to the first seven amino 
acids (21 bp) of FR1. The 3' primer sequence for Vh (VH-linker) will start with 5' 
TCC AGA TCC GCC ACC ACC TGA TCC GCC TCC GCC followed by the anti- 
sense sequence corresponding to the last six amino acids (18 bp) of FR4. For Vl, 
the 5' primer sequence (Linker- VL) will start with 5' TCA GGT GGT GGC GGA 
TCT GGA GGT GGC GGA AGC followed by the nucleotide sequence corre- 
sponding to the first six amino acids (18 bp) of FR1 and the 3' primer sequence 
(VL-Hindlll) will start with 5' GGA AGC TTT (incorporating the Hindlll restric- 
tion site) followed by the anti-sense sequence that corresponds to the last seven 
amino acids (21 bp) of FR4 (see Note 3). 

2. Set up a PCR (100 |lL) as follows: 10 ng of heavy- or light-chain template (TA- 
cloned DNA; Subheading 3.1.3.), 10 pmol of Vh or Vl 5' primer, 10 pmol of Vh or 
V L 3' primer, 8 |lL of dNTP mix (2.5 mM each), 10 [iL of 10X Taq polymerase 
buffer, and water to make up the volume to 99 |0L. Heat the mix to 92°C for 4 min, 
add 1 |oL of Taq polymerase per reaction, and perform the PCR with 25 cycles of: 
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min, followed by an extension for 
7 min at 72°C. 

3. Gel-purify the PCR product as described in Subheading 3.1.3. and quantify the 
DNA by measuring the absorbance at OD260nm- 

4. Splicing of Vh and Vl fragments: Take 10 ng of each Vh and Vl PCR fragment 
from step 3 in a PCR tube and set up a PCR by adding the following components: 
10 [iL of 10X Taq polymerase buffer, 8 |lL of dNTP mix (2.5 mM each) 10 pmol of 
Vh 5' primer and 10 pmol of Vl 3' primer, 1 |oL of Taq polymerase and water, to 
adjust the volume to 100 [ih. Perform the PCR as described in step 2 (see Note 4). 

5. Purify the PCR product and TA-clone the purified PCR fragment into the TOPO TA 
vector, and analyze the correct clones as described in Subheading 3.1.3. (see Note 5). 

3.1.5. Construction of Immunotoxin Plasmid 

1. Select the right clone from Subheading 3.1.4., step 5 and digest approx 2 (_Lg of 
plasmid DNA in 25 |0L reaction volume with Ndel and Hindlll (use Hindlll reac- 
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tion buffer). At the same time set up a restriction digestion reaction for the 
immunotoxin expression vector pRB98-Amp (2 |ig) with Ndel and Hindlll. Purify 
the digested insert (approx 700 bp) and the plasmid cassette (3.5 kb) as described in 
Subheading 3.1.3. 

2. Set up a ligation reaction as follows: take 30 ng of vector DNA and 75 ng of insert 
in a 0.5-mL Eppendorf tube and adjust the volume to 8 [ih with water, place the 
tube in a 65°C water bath for 7 min, then chill on ice. Add 1 |iL of 10X ligase buffer 
and 1 U (1 |lL) of T4 DNA ligase and mix content by tapping. After a brief spin in 
the microcentrifuge, incubate the mixture at 4°C overnight. Also set up a control 
ligation reaction without the insert to determine the false-positive colonies from the 
digested vector only. 

3. Take 2.5 |iL from each of the ligation mixture and transform 100 |lL of Max Effi- 
ciency DH5oc E. coli as described in Subheading 3.1.3. 

4. Plate 100 \xL of the culture mixture onto a LB/Amp agar plate and incubate at 37°C 
overnight, (see Note 6). 

5. Isolate plasmid DNA from eight different colonies using the QIAprep8 plasmid 
isolation kit; restriction digest the DNA with Ndel and Hindlll, and analyze by 
electrophoresis on a 1.2% (w/v) agarose gel. 

6. Select the clones which have the right insert and sequence at least four clones to 
confirm the in-frame ligation with the fusion toxin protein. 

3.1.6. Conversion of Fv Fragment to dsFv 

1. For the generation of the disulfide-stabilized Fv (dsFv) molecule, amino acid 
residue 44 of Vh and amino acid residue 100 of Vl (Kabat numbering) must be 
changed to cysteines. Design and synthesize the mutagenic primers spanning 
residue 44 for Vh and residue 100 for Vl by following the recommendation pro- 
vided by the QuikChange site-directed mutagenesis kit (see also Chapter 18). Use 
the cDNA clone selected from Subheading 3.1.4., step 5 as template and follow 
the instructions provided with site-directed mutagenesis kit. 

2. Isolate plasmids from eight independent clones from each group and check for the 
desired mutation at residue 44 for Vh and residue 100 for Vl by sequencing the 
clones. Select one clone for mutated Vh and one for mutated Vl and use them as 
polymerase chain reaction (PCR) templates for the next step. 

3. Synthesize the PCR primers for Vh and Vl fragments to clone into the T7 expres- 
sion vector (pRB98-Amp). Forward primer for both Vh and Vl will start with a 
Ndel site (CAT ATG) followed by the nucleotide sequence that corresponds to the 
first six amino acids of FR1. Reverse primer for Vh will start with 5'-GGA_AGC 
TTT-3' (incorporating a Hindlll site) followed by the anti-sense sequence that cor- 
responds to the last six amino acids (21 bp) of FR4. For Vl, the reverse primer 
sequence starts with 5'-GAA_TTC ATT A-3' (incorporating an EcoRI site) followed 
by the anti-sense sequence corresponding to the last six amino acids (21 bp) of 
FR4. PCR-amplify the Vh and Vl fragment by using the previously mentioned 
primer pair and the template from Subheading 3.1.6., step 2, following instruc- 
tions described in Subheading 3.1.4. 
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4. Gel-purify the PCR product and TA-clone the fragments as described in Subhead- 
ing 3.1.3. 

5. After sequencing, select the clone with correct sequence and digest approx 2 |ig of 
plasmid DNA with Ndel/Hindlll for the V H clone and Ndel/EcoRI for the V L clone. 
At the same time, digest 1 (Xg of plasmid pRB98-Amp each with Ndel/Hindlll and 
Ndel/EcoRI. Purify the digested insert and the plasmid cassette as described in 
Subheading 3.1.3. 

6. Set up the ligation reaction, transform the competent E. coli cells, and screen, and 
analyze the correct clones as described in Subheading 3.1.5. 

3.2. Preparation of RITs 

Two separate transformations, fermentations, and inclusion body prepara- 
tions are performed, one for each component of the disulfide-linked immuno- 
toxin (V H -PE38 and V L ). Flowchart of the procedure is shown in Fig. 3. 

3.2.1. Transformation of E. coli 

1. In pre-chilled Falcon 2059 tubes, add 0.1 Ug of plasmid DNA (Subheading 3.1.5., 

step 6) to 100 uL of chemically competent BL21 (k DE3) cells. 

2. Incubate the tubes for 30 min on ice. 

3. Heat shock the cells by transferring the tubes to a 42°C water bath for 90 s. 

4. Place the tubes on ice for 2 min. 

5. Add 900 uL SOC media to each tube. 

6. Shake the tubes at 225 RPM at 37°C for 1 h. 

7. Plate 100 uL of transformed cells on each of ten LB/Amp agar plates. 

8. Incubate the plates at 37°C overnight. After overnight incubation, there should be at 
least 100 colonies/plate. 

9. Pre-warm Super Broth at 37°C overnight. 

10. Sterilize two 2-L baffled flasks for each liter of culture to be grown. 

3.2.2. Fermentation 

1. To each liter of prewarmed Super Broth add 20 mL of 20% glucose, 1.68 mL of 1 
M MgS04 and the selective antibiotic (100 |lg/mL ampicillin). 

2. Pipet 5 mL of Super Broth into each plate and dislodge colonies using a sterile 
glass rod. 

3. Transfer the bacteria from the plates to a sterile tube and mix to homogeneity. 

4. Add 10 mL of the cell suspension to 1 L of Super Broth, mix well, and measure the 

OD600nm- 

5. Add an appropriate amount of the cell suspension so that the OD6oonm is between 
0.15 and 0.20. 

6. Transfer the inoculated medium to the sterile 2-L baffled flasks (500 mL per flask). 

7. Incubate at 37°C, shaking at 250 RPM. Check the OD 6 oonm at 30-40-min intervals. 

8. When the ODgoonm is between 2.0-3.0 (to measure OD6oonm of dense cultures, 
dilute the culture 1:10 in Super Broth and multiply the OD600 reading by 10), save 
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500 |iL of culture as the pre-induction control sample (keep on ice until prepared) 
and add 5 mL of 0. 1 M IPTG to each 500-mL culture (0. 1 M = 25 mg IPTG/mL of 
broth or water). 
9. Continue incubation at 37°C and shaking for 90 min. 

10. Save a 250-|xL aliquot of culture as post-induction sample (keep on ice until prepared). 

11. Harvest bacteria from culture by centrifugation in four 250-mL bottles at 7,500g (at 
4°C for 10 min) in a Sorvall RC5B centrifuge. 

12. Discard supernatant. Cell pellets may be frozen at -70°C for future workup. 

13. Aliquots from steps 8 and 10: centrifuge at maximum speed in a microfuge for 2 
min. Discard the supernatant. Resuspend the pellets in 1 mL of TES buffer. Soni- 
cate for 20 s. Centrifuge in microfuge at maximum speed for 5 min, and discard the 
supernatant. Resuspend the pellet in 0.1 mL of TES. Sonicate for 10-20 s to resus- 
pend the pellet. Determine the protein concentration and run equal amounts (10-15 
(_Lg) of protein on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) to verify induction. 

3.2.3. Inclusion Body Preparation 

1. Resuspend the pellet(s) in each of the 250-mL centrifuge bottles (totaling 1 L of 
culture) in TES to a final volume of 160 mL. Pool the suspension to one 250-mL 
Sorvall centrifuge bottle. 

2. Add 6.5 mL of lysozyme (at 5 mg/mL), mix using the Tissuemizer, and incubate at 
room temperature for 30 min. Shake the bottles by hand every 10 min. 

3. Add 20 mL of 25% Triton-XlOO, mix with the Tissuemizer, and incubate at room 
temperature for 30 min. Shake by hand every 10 min. 

4. Centrifuge at 27,000g, at 4°C for 50 min, in a Sorvall GSA rotor. Discard the super- 
natant. 

5. Using the large Tissuemizer probe, resuspend pellet in 160 mL of TES. Add 20 mL 
of 25% Triton-XlOO. Mix well and incubate for 5-10 min at room temperature. 

6. Centrifuge at 27,000g, at 4°C for 50 min, in a Sorvall GSA rotor. Discard the super- 
natant. 

7. Repeat steps 5 and 6 twice (e.g., total of three washes with Triton-XlOO). 

8. Using the large Tissuemizer probe, resuspend the pellet in 180 mL of TES. 

9. Centrifuge at 27,000g, 4°C for 30 min in a Sorvall GSA rotor. Discard the supernatant. 

10. Repeat steps 8 and 9 twice (e.g., total of three washes without Triton-XlOO). Save 
25 uL of the washed inclusion body suspension to run on gels to check the inclu- 
sion-body preparation. 

11. Using the small Tissuemizer probe, resuspend the pellet in 35 mL of TES and trans- 
fer to a 40-mL Oak Ridge centrifuge tube. Centrifuge at 12,000g for 10 min at 4°C 
in a Sorvall SS-34 rotor to pellet the inclusion bodies (IBs). 

12. Discard the supernatant. Inclusion bodies can be frozen at -70°C at this step. 

3.2.4. Solubilization and Denaturation 

1. Using a small Tissuemizer probe, resuspend the IB pellet in 5 mL of GTE buffer. 

2. Determine the protein concentration using the Pierce Coomassie Plus reagent. 
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3. Dilute the protein to 10 mg/mL with GTE. 

4. Mix 6.67 mL (66.7 mg) of the V H -PE38 with 3.33 mL (33.3 mg) of the V L to a total 
of 100 mg protein per 10 mL. If preparing a single-chain immunotoxin, use 100 mg 
per 10 mL of the inclusion body. 

5. Add dithioerythritol (DTE) powder to 10 mg/mL and mix well but gently. 

6. Incubate at room temperature overnight. 

7. Centrifuge the denatured protein solution at 12,000g, at 4°C for 10 min in Sorvall 
SS-34 rotor. 

8. Save supernatant and recheck the protein concentration using the Pierce Coomassie 
Plus reagent. 

9. If necessary, adjust the protein concentration to 10 mg/mL with GTE containing 10 
mg/mL DTE. 

3.2.5. Refolding 

1. Prepare refolding buffer: 100-fold more than the volume of the denatured protein 
solution, chill to 10°C, and adjust the pH to 9.5. 

2. Add glutathione to 551 mg/L. 

3. With the chilled refolding buffer briskly stirring, and using a pipet, add the dena- 
tured supernatant from Subheading 3.2.4., step 8 quickly over a period of 10-15 s. 
Mix well for 2-3 min. 

4. Stop stirring and let stand at 10°C for 36-48 h. 

5. Dialyze at 4°C against 50 L of refolding buffer, until conductivity measures below 
3.5 mMHO. 

6. Filter dialysate through a 0.45 urn ZapCap. If it is very turbid, first centrifuge, and 
then filter. 

3.2.6. Chromatography 

After the refolding step, the correctly folded disulfide-linked immunotoxins 
must be separated from the impurities. These impurities may include improp- 
erly folded immunotoxin, other insoluble bacterial proteins, RNA, and DNA. 
To do this, we use two ion-exchange steps that separate molecules based on 
charge, and finally a gel-filtration step that separates molecules based on size. 
The Q-Sepharose is an inexpensive media used to clean up the dialyzed refold- 
ing mixture. The Q-Sepharose column binds positively charged molecules and 
allows negatively charged molecules to pass through. NaCl (350 mM) is used 
to elute proteins from the Q-Sepharose. This step removes most of the contam- 
inants and concentrates the immunotoxin. Mono-Q ion-exchange chromatogra- 
phy is next used to further purify the protein. In this step, we use a linear NaCl 
gradient (0-500 mM) and observe immunotoxins that elute at a NaCl concen- 
tration between 250 and 300 mM, aggregated immunotoxin will elute at a 
higher NaCl concentration. Mono-Q chromatography will concentrate the 
properly refolded immunotoxin into 2-3 mL fractions. The final chromatogra- 
phy step is the gel-filtration column. The observation of a signal peak eluting 
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from this step ensures that we have purified monomeric dsFv-toxin. This step 
also serves to exchange the buffer from Tris-HCl/EDTA/NaCl to PBS. 

1. Q-Sepharose has a binding capacity of 20 mg protein/mL resin. Only a 5-mL Q- 
Sepharose column is required (see Note 7). 

2. Pour the column and connect it to the loading pump. Wash with five column volumes 
of buffer A, then five volumes of buffer B, and finally, five volumes of buffer A. 

3. Load the protein onto the column using the loading pump at the maximum rate 
(499 mL/h using the P-500 chromatography pump). 

4. Wash the loaded column with five volumes of buffer A at the maximum rate. 

5. Attach the column to the FPLC and elute the protein with a one- step gradient from 
10% to 35% buffer B collecting 2-mL fractions using a flow rate of 2 mL/min. 

6. Pool protein-containing fractions by reading the OD280nm or by using the Pierce 
Coomassie Plus reagent. 

7. Calculate the total protein content, then dilute with five column volumes of buffer A. 

8. Put clean filters into the prefilter unit of the FPLC, and change the filter at the top of 
the MonoQ column (see Note 8). 

9. Wash the MonoQ column with ten column volumes of buffer A, then ten volumes 
of buffer B, then ten volumes of buffer A (see Note 9). 

10. Load the MonoQ column at 2-5 mL/min. 

11. Wash the loaded column with 20 mL of buffer A at 1 mL/min. 

12. Attach the column to the FPLC and elute the protein with a 80-mL linear gradient 
of 0-50% buffer B, collecting 1-mL fractions in Falcon 2052 tubes at 1 mL/min. 
Immunotoxins will elute from MonoQ between 25% and 30% buffer B. 

13. Check peak fractions on SDS-PAGE under reducing conditions. 

14. Pool appropriate fractions. If necessary, MonoQ fractions can be concentrated with 
a Centricon 30. To cleanup MonoQ column between protein purifications, wash it 
thoroughly with 20-25 volumes of 1 N NaOH, then ten column volumes of buffer 
A, ten volumes of buffer B, and ten volumes of buffer A. 

15. Equilibrate a TSK column (see Note 10) on a FPLC system in PBS at 0.5-1.0 
mL/min. 

16. Load column at the same flow rate. 

17. Elute at same flow rate with PBS, collecting 1-mL fractions in Falcon 2052 tubes. 

18. Check purity of protein on SDS-PAGE and check activity in cytotoxicity assays 
(Subheading 3.3.) 

19. If appropriate, pool fractions, determine protein concentration, aliquot, and freeze 
at-70°C. 

3.3. Cytotoxicity Assay 

The purpose of this assay is to determine the potency or cytotoxic activity of 
the immunotoxin on cell lines that is expressed as IC50. The immunotoxin is 
diluted over a wide range and dispensed onto cells plated in 96-well plates. 
After 24 h, tritiated leucine is added to the cells. Uptake of the tritiated leucine 
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corresponds to the number of living cells in the wells. A cell harvester is used 
to process the dishes. The harvester removes the cells from the 96-well plate 
and transfers them to glass filter mats. The filter mats are soaked in scintillation 
fluid and sealed in plastic sleeves, which are then placed into a scintillation 
counter. The amount of tritiated leucine taken up by cells at each immunotoxin 
dilution is measured by the scintillation counter as counts per minute (CPM). 
CPM is plotted vs the immunotoxin dilution (ng/mL). The inhibitory concen- 
tration of immunotoxin that produces a 50% reduction in tritiated leucine 
uptake (IC50) is then determined. 

1. Plate cells presenting the antigen of interest in 96-well plates at 1.5 x 10 4 per well 
(7.5 x 10 4 /mL, 0.2 mL/well). 

2. Dilute immunotoxins in PBS containing 0.2% (w/v) HSA to 10,000, 1,000, 300, 
100, 30, 10, and 1 ng/mL. 

3. Dispense 20 uL of each dilution into three wells each beginning with PBS/HSA (0 
ng/mL) then 0.1, 1, 3, 10, 30, 100, and 1000 ng/mL. In this way, the toxins are 
diluted 10X while they are dispensed onto the cells. 

4. Incubate the plates at 37°C for 20-24 h. 

5. Pulse the cells with 20 uL of 3 H-leucine at 100 uCi/mL which has been diluted in 
PBS/HSA. 

6. Incubate at 37°C for 2.5 h. 

7. Freeze cells on dry ice for 30 min, then thaw at 37°C for 1 h and process in the 
harvester. 

8. Dry the filter mats from the harvester. Then saturate the mats with scintillation 
cocktail and seal in plastic bags. 

9. Measure the incorporation of 3 H-leucine using the scintillation counter. 

10. The cytotoxic potency of the immunotoxin can be plotted as 3 H-leucine incorpora- 
tion vs ng/mL immunotoxin added. 

4. Notes 

1. Do not add isopropanol after solubilizing the gel slice as instructed in the manual, 
because it will reduce the yield of the DNA. Elute the purified DNA with 30 uL of 
elution buffer. 

2. Hybridoma cells sometimes contain unrelated immunoglobulin sequences derived 
from fusion partner myeloma cells. 

3. The 3' primer for Vh and the 5' primer for Vl will generate a 15-amino acid linker 
[(Gly)4Ser x 3] between the Vh and Vl fragments. Before designing the primers, 
make sure that there are no Ndel and Hindlll restriction sites within the Vh and Vl 
fragments. If they are present, mutate those sites using alternative codons. 

4. The expected size of the PCR product will be approx 700 bp (combining Vh and Vl). 

5. It would be useful to confirm the presence of Ndel (CAT ATG) site before the Vh 
sequence and Hindlll (GAA TTC) site after the Vl sequence for subsequent sub- 
cloning steps. 
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6. Plates from the vector-only ligation control should have very few or zero colonies. 
Plates for the insert ligation should have many colonies. 

7. Five milliliters of Q-Sepharose will bind 100 mg of protein, the amount in each 
liter of refolding solution. Not all the starting protein refolds — some aggregates, 
and some is removed in the filtration step. 

8. MonoQ has a binding capacity of 20 mg protein/mL resin. 

9. Small amounts of high salt buffer will cause the bound protein to elute from the 
column. Thus, be sure to rinse all valves and tubing involved in loading the column 
and the fast protein liquid chromatography (FPLC) with buffer A. 

10. For the sizing column use a TSK G3000SW (0.75 cm x 60 cm = 26.5 mL) with 
guard column attached (0.75 cm x 7.5 cm = 3.3 mL). The total volume of the TSK 
G3000SW is 30 mL, the protein capacity is 3% of volume or 0.9-1.0 mg, and the 
maximum loading volume is 5% of volume =1.5 mL. If the TSK column is being 
run for the first time, it should be "seasoned" by running 1 mg of BSA in PBS 
through it. This will bind to all nonspecific protein-binding sites and protect your 
protein from binding nonspecifically. Wash the column thoroughly with several 
column volumes of PBS before injecting your protein. 
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1. Introduction 

The explosion in genome sequencing, and the DNA array experiments based 
on those sequences, have provided a wealth of information on gene sequence, 
organization, and expression. This has led to a desire to carry out similarly 
broad experiments on all proteins encoded by a genome — the proteome. 
Although mass spectrometry (MS) is proving to be a powerful tool in the study 
of proteomes, the information it provides is relatively one-dimensional. The 
only feasible way to study the rich complexity of protein expression, modifica- 
tion, and interaction on a genomic scale may be to derive well-characterized 
specific antibodies (or other binding ligands) that recognize each individual 
protein. Traditional immunization approaches will be unable to generate such 
banks of antibodies in sufficient quantity, quality, or reproducibility, and as a 
result, biomolecular-diversity selection methods — such as phage, ribosome, or 
mRNA display — will probably be used. 

Because different genome projects are in different phases of development, it 
is unlikely that a single method will be relevant to all genomes. When purified 
proteins are available, physical selection methods (phage or mRNA-displayed 
libraries) will probably be most effective. When only the sequenced genome is 
available, genetic methods (two-hybrid or enzyme complementation) — in 
which interaction between the binding ligand and target confers survival on the 
cell containing the interacting pair, or the use of synthetic peptides as selectors 
— are likely to prove more effective, avoiding the need to produce purified pro- 
tein. Regardless of the methods that are used, validation of the specificity of 
selected antibodies will be an important yet difficult component of the com- 
plete process. 
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This chapter examines the difficulties and challenges in selecting and char- 
acterizing such antibodies on a large scale, and discusses their possible appli- 
cations once derived. 

2. Background 

Full or draft genome sequences are available for increasing numbers of 
organisms, including human (1,2), yeast (3), and many others (e.g., see 
http://www.tigr.org/tigr-scripts/CMR2/CMRHomePage.spl for a list of micro- 
bial genome sequences). This has enabled the implementation of experiments 
using DNA chips in which the expression levels of all genes in a genome are 
studied in response to different stimuli, and has led to efforts to apply similar 
genome-wide studies of the corresponding proteomes. The most extensive 
studies have been carried out in yeast, with individual gene knockouts (4), 
overexpression and proteome chips (5), intracellular localization by tagging 
(6), protein-protein interaction studies by phage display (7), yeast two-hybrid 
(8,9), and widespread mass spectrometric analysis of purified complexes 
(10,11), providing large amounts of information. One reason that yeast has 
been used so extensively is the availability of homologous recombination, per- 
mitting the replacement of endogenous genes by modified copies. In fact, most 
of the studies cited here would not have been possible without exploiting this 
technique, which often involves the genetic fusion of a tag: either a detection 
peptide such as myc (12), or a "tandem affinity purification tag" (13), in the 
case of MS of complexes. Because this powerful technology is not available for 
most genomes, the only alternative to the fusion of a general tag (using a single 
detection reagent) is the derivation of specific binding ligands for all gene prod- 
ucts that can be used for techniques in which antibodies have been traditionally 
used (e.g., Western blotting, fluorescence-activated cell sorting, [FACS], 
immunoprecipitation, immunofluorescence, immunohistochemistry, and purifi- 
cation), but within a proteomic context, rather than on a single-gene scale. In 
addition to traditional uses, such binding ligands will also be useful in new 
techniques that are still in development in a proteomics context (e.g., antibody 
chips), and potentially in applications such as biosensors. A greater under- 
standing of protein function at a genomic level is likely to come when such 
banks of binding ligands are derived and made generally available, as has been 
done virtually for DNA chips by the publication of genomic sequences. 

The traditional binding ligand is the antibody, and polyclonal antibodies are 
usually produced by immunization of rodents or rabbits with proteins, conju- 
gated peptides (14), or recently, with DNA expression vectors (75). With the 
introduction of hybridoma technology (16), it became possible to avoid poly- 
clonal antibodies — with their problems of reproducibility, crossreactivity, and 
background — and to produce large amounts of monoclonal antibodies (MAbs) 
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of defined specificity. Although extremely useful, this technology is not easily 
amenable to high-throughput antibody generation, and cannnot overcome the 
problems of toxicity or poor immunogenicity found with conserved proteins. It 
is hoped that the adoption of a new suite of technologies, generically termed 
the "biomolecular diversity" technologies, will be useful in this regard. In gen- 
eral, these technologies involve the selection of specific binders from large 
libraries of binding ligands and have a number of common features, which are 
also applicable to the selection of polypeptides with non-binding activities such 
as enzymes: i) the generation of diversity at the nucleic acid level to create the 
"library," usually of binding ligands; ii) the linking of genotype to phenotype 
(e.g., translated protein with encoding gene; or information to function); iii) the 
application of selection pressure — e.g., binding to a specific target; and iv) 
amplification of selected clones after selection. These cycles of selection are 
usually carried out two or three times before binding ligands can be directly 
screened, and if the library is of good quality, binding ligands can usually be 
obtained against all targets. The first examples of biomolecular diversity 
focused on peptides (17-19), and used phage display, in which displayed pep- 
tides are fused to one of the coat proteins of filamentous bacteriophage, as the 
platform to identify MAb binding epitopes. Specific binders have also been iso- 
lated from large naive antibody libraries (20-26), while the display of hor- 
mones (27) and many other proteins (see refs. 28-30 for reviews) have been 
carried out with the predominant goal of optimizing binding affinity. In addi- 
tion to phage display, bacteria (31) and yeast (32) have been developed as 
micro-organismal display methods, while ribosome display (33) and 
puromycin display (34), in which mRNA (or cDNA) is directly coupled to the 
polypeptides they encode, have been developed as in vitro methods. All these 
are physical selection methods, and require significant quantities of the selector 
to perform selection and screening. In addition to these methods, a number of 
genetic methods for selection of binding ligands have also been developed. 
Such methods do not require the physical selector during the selection proce- 
dure and rely on the in situ synthesis of — and subsequent interaction 
between — the binding ligand and target, to confer a selectable phenotype. Both 
the yeast two-hybrid system (35) and the protein complementation assay (36) 
have been adapted to single-chain variable fragment (scFv) selections (37-40) 
in model systems, and offer the possibility of selection without the need for 
antigen synthesis and purification. 

As effective as the biomolecular diversity strategies are, they are still not yet 
very user-friendly, and this represents the biggest obstacle to their widespread 
adoption. Although difficult to generate in high throughput, once available, 
MAbs obtained by hybridoma fusion can be produced in relatively large 
amounts — they are dimeric, very stable, and contain an enormous "tag" — the 



522 Bradbury et al. 

Fc domain. In contrast, binding ligands obtained using molecular diversity 
techniques are usually produced at lower levels — they are monomeric, less sta- 
ble, and contain a small peptide tag. For these technologies to be widely 
adopted, it is important that these problems be overcome. The fact that the gene 
encoding the binding ligand is cloned simultaneously with the selection of the 
binding ligand in these technologies is the key feature that will lead to the most 
significant improvements, allowing either straightforward downstream genetic 
manipulation or the upstream generation of libraries of binding ligands with 
desirable properties. 

This chapter focuses on the processes of selecting and using binding ligands, 
and not on the different alternative binding ligands themselves, which were 
recently reviewed (41). As much of this technology was developed within the 
context of antibody fragments — scFvs in particular — these are the most com- 
monly described binding ligands. However, most of the technology described 
is also directly applicable to alternative scaffolds. 

3. Physical Selection Methods 

In order to be able to select binding ligands against protein targets using 
physical selection methods, a selector must be available in a purified, synthetic, 
or recombinant form. Depending upon the method of selection used, 200-500 
]Llg will usually be required to carry out selection and screening, and most of the 
antigen will be used to identify positive binders. There are two general methods 
of physical selection. In the first, antigen is fixed to a solid support, such as a 
polystyrene tube or pin, and incubated with the library of antibodies. Those that 
recognize the antigen bind and can be eluted after non-binding antibodies are 
washed away. In the second method, antigen is labeled, usually with biotin or 
fluorescein, and used to separate antibodies that bind from those that do not. In 
the case of biotin, this is carried out using streptavidin-coated magnetic beads 
(MACS), and with fluorescein, FACS is used. In phage, bacterial, and yeast dis- 
play, living organisms are responsible for amplification, display, and the cou- 
pling of phenotype and genotype, and ribosome- and puromycin-based mRNA 
display systems rely on polymerase chain reaction (PCR) for amplification, and 
in vitro translation of RNA to produce the binding ligand, which is then 
attached to the encoding RNA (or cDNA) either covalently (puromycin) or 
non-covalently (ribosome display). In all methods, more than one round of 
selection is usually required, although screening thousands of clones can yield 
a greater diversity of binders after a single round (42), although with a far lower 
percentage of positives. 

As binders have been isolated from large naive phage and in vitro display 
libraries, these are further discussed here. Bacterial (43) and yeast display (44) 
libraries are predominantly used for affinity maturation, although yeast display 
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has also has been used for the improvement of antibody expression and folding 
(45), and more recently for the selection of antibodies from large naive libraries 
with affinities similar to phage display (145). 

3. 1. Production of Targets 

In the use of physical selection methods, the availability of sufficient quanti- 
ties of antigen for selection and screening is one of the major bottlenecks, and 
screening is the more antigen-intensive process. There are two general 
approaches to selection and screening: gene-based and proteome-based. In 
gene-based selection, the identity of the selector is known in advance, and as a 
result, the specificity of selected antibodies is also known. Synthetic peptides 
(46), polypeptide fragments, or recombinant full-length proteins would be 
examples of suitable selectors. In proteome-based selection, natural sources 
(e.g., tissue or cell extracts) are used. Although individual known proteins may 
be purified and used as selectors, this is not really applicable to genomic-scale 
selections, and the use of either complex extracts or biochemical fractions of 
such extracts would be preferred. Once selected, the identity of the antigen rec- 
ognized by such selected antibodies would have to be determined subsequently, 
a procedure that might be carried out by immunoprecipitation (IP) and MS 
(47), if this could be implemented in a high-throughput fashion. Selection of 
phage antibodies on proteins spotted onto polyvinylidene fluoride (PVDF) 
membranes after separation by two-dimensional (2D) gel electrophoresis has 
recently been described (48). Although this may be a solution to the use of nat- 
ural protein sources for selection, screening and identification of appropriate 
binders in high throughput remains a key issue. 

In general, the major advantage of gene-based selection methods is that anti- 
gen identity is known in advance, whereas proteome-based selection methods 
have the advantage that the antigen is in its most natural state, and will include 
appropriate post-translational modifications. The general differences between 
these two targets are outlined in Table 1. If gene-based selection systems are 
used, the form of antigen used for selection and screening must be considered. 
Peptides or polypeptide fragments and full-length recombinant proteins are the 
most likely choices, and each of these has advantages and disadvantages, as 
outlined in Table 2. 

If all things were equal, selectors based on cDNA-derived polypeptides 
would be preferable to peptide selectors because of the greater antigenicity, and 
ease of screening, of the former. However, full-length proteins can suffer from 
problems related to poor expression, folding, or solubility, resulting in difficul- 
ties in obtaining sufficient protein for use in selection and screening. It may be 
possible to eliminate these by using either specific domains or fragments 
selected for their ability to fold, in a fashion that has been already described for 
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Table 1 

Gene- vs Proteome-Based Selections 



Gene-based selection 



Proteome-based selection 



Sequence-based 

Cloning, expression, and purification 

may be required 
Antigen specificity known in advance 



Selection against single gene products 

All open reading frames are pre- 

identified and require systematic 

selection 
96-well selection possible, using 

biotinylated peptides/polypeptides 

or histidine tags 
No post-translational modifications 

if bacteria used for production, 

polypeptide antigen only 
Concentration of selector can be 

predetermined 
All genes can be represented equally 



No prior knowledge of sequence 

Some fractionation (e.g., chromatography, 2D 

gels) may be required 
Antigen specificity must be determined after 

selection — e.g., by immunoprecipitation 

and mass spectrometry 
Selection may be against more than one gene 

product 
Some antigens may not be present in selector 



Fractionated samples can be used in 96-well 
format 

Most natural antigen, containing 
post-translational modifications 

Selector concentration more difficult to 

determine 
Some antigens present at very low 

concentrations or not at all 



Table 2 

Peptide- vs Polypeptide-Based Selections 



Peptide-based selections 



cDNA derived polypeptide-based selections 



Less antigenic: only linear epitopes 
Crossreactive antibodies more likely 
Screening protein binding clones 

can be difficult 
No definitive method to identify 

suitable peptides 
More than one peptide required 
Cheaper: less labor-intensive 
More easily automated 
Relatively simple workup 
Synthetically produced, no 

specific purification 
Can use sequence data directly — 

genomic or expressed sequence 

tags (EST) 



More antigenic: linear/conformational epitopes 
Crossreactive antibodies less likely 
Selection polypeptide also used for screening 

Single selector 

Single selector 

More expensive: very labor-intensive 

More difficult to automate 

Long workup per clone 

Individual purification for each polypeptide 

Requires physical cDNA: identification/cloning 



Antibodies in Proteomics 525 

random mutations (49,50), although this has not been done on a high-through- 
put scale. The creation of large banks of soluble proteins is still in its infancy, 
although some studies (5,51), that emphasize the importance of extensive 
automation, have been initiated. Some protein-production problems are related 
to expression in E. coli, and may be solved by using other systems such as yeast 
(52,53), D. discoideum (54), filamentous fungi (55), or baculovirus (56) — 
either instead of, or in a hierarchical fashion following failure in, E. coli. An 
alternative approach is to avoid living systems completely and adopt the use of 
high-efficiency in vitro translation systems (57-59). In model systems, these 
appear to be very promising, and offer the advantage of many parameters that 
can be precisely controlled. If such systems can be automated, they may pro- 
vide powerful methods to produce relatively large amounts (milligrams) of pro- 
teins in high throughput, providing enough for both selection and screening. 

Peptides have a long history as surrogate immunogens in animals (14,60). 
There have been many successes with a number of "rules" — e.g., peptide flexi- 
bility of hydrophilicity, derived to predict the most immunogenic peptides 
(reviewed in refs. 61-62), as well as many more unpublished failures. Some of 
these rules were brought together in a single "antigenic index" (63), which is 
intended to identify the most "antigenic" portion of a protein when it is used as 
a peptide immunogen. However, the antibody response elicited by a whole 
organism when immunized with an antigen is the result of a complex interac- 
tion between T-cells, B -cells, and antigen-presenting cells. Phage antibody 
libraries can be considered to be in vitro humoral immune systems in which the 
antibody response is reduced to the bare minimum of antigen recognition. Pep- 
tides have been used as selectors with phage antibody libraries (46,47,64), but 
a systematic examination of their use has not been published. Preliminary 
experiments in the author's laboratory (submitted) indicate that features predic- 
tive of animal antigenicity are not applicable to selection using phage antibody 
libraries, and that solvent accessibility is a better predictor. Peptides are desir- 
able because they can be produced directly from genomic sequence, and do not 
require expression or purification. However, their biggest drawback is the pos- 
sibility of crossreactivity with irrelevant proteins, leading to erroneous results 
upon use. In one example, some (but not all) antibodies selected against a 15- 
mer peptide derived from Ku86 (a protein involved in DNA repair) recognized 
myosin, a crossreaction believed to be the result of the presence of a very simi- 
lar pentapeptide in both: DIDDL in myosin, DVDDL in Ku86. It is unlikely 
that peptides lacking such crossreactive epitopes could be identified in 
advance, indicating the need for careful screening after selection has been car- 
ried out. Ideally such screening would entail obtaining concordant results (e.g., 
Western blots, immunohistochemistry, IP, MS) on natural antigen sources with 
scFvs selected against two different peptides. 
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Physical selection methods can also be used to select antibodies against post- 
translational modifications, using either modified proteins or peptides as selec- 
tors in the presence of an excess of the unmodified protein or peptide. Screening 
is then carried out on both modified and unmodified forms. It is likely that in 
addition to stable modifications such as phosphorylation, more unstable ones 
that would never survive an immune response long enough to permit antibody 
generation, such as sulfation, may also be amenable to selection. 

3.2. Phage Display 

Most phage antibody libraries have been created by cloning large numbers of 
different antibody genes upstream of the gene 3 coat protein gene and using 
phage (21) or phagemid (22-26) as the display vehicle. Most of these use scFvs 
as the antibody format, with one large Fab library (24) also published. The anti- 
body genes are derived either from natural sources [e.g., human peripheral-blood 
lymphocytes (PBLs); see also Chapters 6 and 8] or created synthetically by 
introducing diversity using oligonucleotides into frameworks with desirable 
properties. When an antibody gene is cloned upstream of gene 3, the antibody is 
displayed as a fusion protein with the gene 3 coat protein. A library of such 
phage antibodies theoretically consists of as many as 10 11 different members 
(the diversity is generally measured by counting the number of independent 
colonies), with each specificity represented by a relatively small number of 
phage in a library. In general, diversity is limited by the transformation efficiency 
of bacteria. However, recombinatorial methods of library creation (23,64,65), in 
which Vh and Vl genes are shuffled using ere recombinase after an initial 
cloning step, are capable of creating far larger libraries, and as recombination is 
associated with amplification, almost unlimited supplies of such libraries. 

Although antibodies with sub-nanomolar affinities can be directly selected 
(22,25), or affinity-matured, from these libraries (66-68), this usually requires 
a considerable degree of effort, which would be difficult to marshall at a 
genomic scale. As a result, the usual affinity range of antibodies selected 
directly from such libraries is 10-1,000 nM. However, by genetically fusing 
multimerization domains, as described previously (e.g., jun/fos for dimeriza- 
tion), to the ends of such selected scFvs, the effective affinity can be signifi- 
cantly increased (69). 

Selection of phage antibodies is usually carried out against single antigens. 
A potentially high-throughput method using antigen immobilized on poly- 
styrene pins in a microti ter format has recently been described (70), and similar 
methods may also be developed for biotinylated antigens (71) using robotic 
washing and elution systems. However, selection is usually the least difficult 
part of the procedure, with the identification of different positive clones being 
far more time- and antigen-intensive (see Subheading 4.). 
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Antibodies selected from naive phage antibody libraries have highly vari- 
able expression levels (ranging from 10 ilg to 20 mg per L), but can be evolved 
to be expressed at higher levels (72-74), although this approach cannot be eas- 
ily carried out with a large number of different antibodies on a genomic scale. 
The alternative approach is to create libraries in which most antibodies are 
well-expressed. A number of promising libraries (26,75-77) have been con- 
structed with one or more stable scaffolds and synthetically introduced diver- 
sity. An alternative approach, based on the fact that the size of a library created 
by recombination is the product of the number of different Vh and Vl genes, is 
to select stable, well-expressed scFvs directly from natural naive libraries, and 
then to recombine the selected Vh and Vl chains to regenerate diversity (65). 
This could be done by selecting for binding to staphylococcal protein A (78) 
and/or peptostreptococcus protein L (79), which recognize conformational epi- 
topes on human Vh3 chains (80) and V K 1, V K 3, and V,<4 chains (81), respec- 
tively. It has been shown (82), at least in the case of yeast, that scFv stability, 
expression, and display are related, indicating that improvement in anyone of 
these parameters is likely to simultaneously improve the others, and suggesting 
that the adoption of any of the strategies described here to increase the intracel- 
lular stability of scFvs (see Subheading 3., below) will also increase expres- 
sion levels. 

3.3. In Vitro Display Systems 

In in vitro display systems, genes are coupled to the proteins they encode 
after translation in an in vitro translation mix. In puromycin display (34,83), 
puromycin covalently links the RNA to the encoded protein, while in the case 
of ribosome display (33,84), the ribosome itself acts as a noncovalent linker 
between gene and encoded protein. Selection from such libraries involves bind- 
ing, washing, elution, and amplification by PCR, and the affinities of scFvs iso- 
lated from primary selections are similar to those from phage antibody 
libraries, although the theoretical library sizes are much larger than most phage 
libraries (no transformation is required). This may be a result of low folding 
efficiency in the reducing nature of the in vitro translation mix, as antibodies 
generally require oxidizing environments to fold correctly. Although positive 
binders can be selected after two or three rounds using phage display, in vitro 
display systems usually require many more cycles. One major advantage of in 
vitro display systems is the possibility of incorporating built-in affinity matura- 
tion (85,86) by using rounds of error-prone PCR, or DNA shuffling (87) 
between selection rounds. Although this requires even more selection rounds, 
antibodies with picomolar affinities have been achieved using this method, and 
this is more likely to be amenable to automation for high-throughput selection. 
Once selected, antibodies or other binding ligands selected by in vitro display 
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systems are usually cloned into bacterial expression systems. This represents a 
bottleneck in the procedure, as not all antibodies selected by in vitro display are 
subsequently well-expressed in bacteria. It is possible that bacteria may be 
eliminated altogether if robust picking and amplification of individual genes 
using plate-based PCR methods to create "polonies" (88) can be developed and 
adapted to highly efficient in vitro expression systems (57-59). Alternatively, 
pools of polyclonal antibody genes may be used as templates to create in vitro 
translated polyclonal antibodies. 

4. Genetic Selection Methods 

Physical selection methods are appropriate for the selection of binding lig- 
ands for which a physical selector is available. Although this field is advancing 
rapidly, with a few groups producing small amounts of proteins on a genomic 
scale (5,51), sufficient quantities of selectors are usually not available for most 
proteome projects. One way around this is to avoid the use of physical selectors 
altogether and to develop genetic selection methods that use DNA encoding 
either the whole or part of the gene of interest. The selection of binders from 
libraries is essentially a protein-protein interaction problem, and the yeast two- 
hybrid system (35) is the most widely used genetic selection method to identify 
such protein-protein interactions. Under ideal circumstances, it would be possi- 
ble to clone the gene of interest as the bait and to transform an antibody library 
as the prey. However, most current antibody libraries (22-25) contain more 
than five billion clones, which far exceed the transfection capability of yeast. In 
order to overcome this problem, Visintin and colleagues (37,89) carried out a 
single round of selection on a protein of interest, and cloned the output of this 
selection into a yeast two-hybrid vector. This reduced the diversity of the 
library to 10 56 , which is amenable to yeast transfection, and permitted the 
selection of a number of different scFvs. This technology was initially devel- 
oped with the goal to select scFvs that are functional intracellularly (90), 
although it clearly has the potential to be used as a general genetic selection 
method. However, there are two important issues related to the use of the yeast 
two-hybrid system in such an approach. The first is the need to carry out a 
physical selection prior to performing the genetic selection, which eliminates 
some of the advantages of a genetic approach, and the second is related to the 
fact that antibodies are secreted proteins in which the disulfide bonds account 
for a large degree of stability, and as a result, scFvs are not usually functional 
under the intracellular conditions used in this genetic approach. 

The need for a physical selection prior to genetic selection is the result of the 
low transfection efficiency of yeast as compared to E. coli, and may be over- 
come, through the use of bacterial genetic systems rather than yeast, although 
recent experiments with the yeast two-hybrid system suggest that it may be 
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possible to select antibodies directly without preselection (40). Bacterial two- 
hybrid systems (91-94) have also been developed, and one of these (93,94) has 
recently been commercialized, although relatively few publications have 
described their use. In addition to interaction systems relying on transcriptional 
activation, so-called protein complementation assays (PCA) have also been 
described (36,95,96), in which an enzyme required for cell survival (e.g., dihy- 
drofolate reductase or (3-lactamase) is divided into two parts in such a way that 
the enzyme activity can be reconstituted by bringing the parts together, but only 
if those two parts are attached to two interacting species, such as coiled coils or 
antigen-antibody. Preliminary experiments (39) using model antibodies and 
DHFR showed that specific antigen-antibody pairs conferred survival more 
than 10 7 times more effectively than nonspecific pairs. This, coupled with the 
high transformation efficiency of E. coli, may make this method very useful for 
proteomic-scale antibody selections. 

Most of these bacterial systems also require that antibodies must be stable in 
the cytoplasm, since with the exception of (3-lactamase — they all involve cyto- 
plasmic interactions. In fact, antibody stability, rather than affinity, appears to 
be more important for function under intracellular conditions (97-99). The sta- 
bility of any single scFv can be significantly increased by appropriate mutation 
(reviewed in ref. 100), either rationally, by grafting CDRs onto a stable frame- 
work (101,102) or by incorporating stabilizing mutations (see ref. 100). Anti- 
bodies can also be selected to be more stable by a variety of biomolecular 
diversity techniques, including phage display (103,104), ribosome display 
(105), intracellular expression (106), and yeast display (45) in which random 
mutagenesis is coupled with selection for increased stability or display. How- 
ever, such an approach cannot be applied to genomic-scale selection of individ- 
ual binding ligands, and it would be more appropriate to develop libraries of 
binding ligands, in which a high proportion of binders are functional under 
intracellular conditions, rather than to optimize individual scFvs. Although 
libraries of scFvs with greater stability are not yet available, a greater under- 
standing of the factors underlying stability will allow the future creation of 
such libraries. An analysis of the sequences of antibodies that are functional 
intracellularly (89) has revealed their similarity to Kabat consensus sequences 
(107), a result that is consistent with analyses carried out using statistical 
mechanical methods and confirmed experimentally (99,108-110). Antigen- 
independent selection for antibody stability using a modified version of the 
yeast two-hybrid system (38) has shown that only 0.1-0.2% (D. Escher, per- 
sonal communication) of antibodies are stable intracellularly. By using such 
antibodies or consensus frameworks as scaffolds with synthetic oligonu- 
cleotides that provide diversity, one would expect to be able to select stable 
scFvs without the need for further manipulation. Such libraries of antibodies 
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would also be extremely useful as intracellular antibodies (90) in downstream 
target investigation, as well as in genetic selection methods. 

The selection for antibody/antigen interactions using (3-lactamase comple- 
mentation (96), in a fashion similar to that used for DHFR, would avoid the 
need for libraries of antibodies that were stable intracellularly. However, it does 
require that antigens are secreted into the periplasm, and it is expected that 
cytoplasmic antigens may not be stable under these conditions. This caveat also 
applies to selection by avidity capture (111), an approach that can best be 
described as a combined genetic/physical method, which relies on co-expres- 
sion of antigen and phage antibody in the periplasm. After antigen and anti- 
body have interacted in the periplasm, positive clones are screened using a 
filter-based approach (42), which is capable of identifying many different spe- 
cific antibodies after one round of traditional phage-display selection. 

5. Screening 

Screening is required to identify the antibodies that bind specifically to the 
target and to eliminate those that bind nonspecifically to irrelevant targets. At 
present, this is usually carried out using an ELISA format (112), with selected 
phage antibodies tested on both the selecting antigen and an irrelevant antigen, 
although membrane-based screening (42) has also been described. In general, 
96 antibodies (a single microtiter plate) are tested against the antigen used for 
selection. After two rounds of phage antibody selection, 10-100% of clones are 
usually positive, depending upon the library, antigen, and selection conditions, 
and as many as 20 different antibodies can be identified. Antibodies that show 
good specific binding and low levels of nonspecific binding can then be carried 
forward for further analysis. 

Screening is relatively straightforward when a polypeptide antigen is used 
for selection, but becomes conceptually more complex when peptides or 
genetic selection is used. In the case of peptides, although binding to the pep- 
tide used for selection can be confirmed, this does not guarantee that the anti- 
bodies bind to the polypeptide from which the peptide was derived. Although 
screening on such polypeptides can be carried out, the reason that peptides are 
usually used is precisely because such polypeptides are not available. Simi- 
larly, genetic methods are likely to be used to select antibodies when polypep- 
tides are not available. This indicates the need for general screening protocols 
that will allow the determination of binding specificity. There are two general 
approaches to this problem. The first involves the use of natural antigen sources 
(e.g., tissue sections or cell or tissue extracts), and requires that different anti- 
bodies selected using surrogate methods provide identical reactivity patterns 
using such natural antigen sources (e.g., cellular distribution or Western blot 
pattern). In the case of peptides, antibodies selected against two different pep- 
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tides would also be required to provide identical reactivity patterns. The second 
involves the use of in vitro translation, recombinant bacteria, or cell lines that 
express the gene of interest, even if at very low levels, and requires appropriate 
recognition (e.g., ELISA or Western blot) of extracts containing the gene of 
interest, but not those containing other genes. The latter is likely to be appro- 
priate for genetic selection methods, in which the gene product is expressed as 
an essential part of the selection process, and could also be used for peptide 
selections if clones are available. 

Although it is relatively straightforward to screen 96 clones by ELISA for a 
single selection manually, this becomes more difficult if alternative screening 
methods, such as immunohistochemistry, are used. Similarly, screening 96 
clones for each of 48 or 96 antigens simultaneously can only be considered if 
the procedure is automated, which may be possible using modifications of pub- 
lished membrane screening (42) or array (113-115) methods. 

Once positive clones have been identified, the number of different clones 
must be determined. Ideally, this is best done by sequencing, although finger- 
printing using PCR and restriction enzymes provide similar results. At a high- 
throughput level, it is likely that sequencing with appropriate programs as a 
method to identify identical antibodies and gene families is likely to be the 
most efficient procedure. 

6. Using Selected Antibodies 
6. 1. Improving the System 

Antibodies selected from phage display or other libraries can be used in all 
applications in which MAbs are traditionally used (Western blotting, immuno- 
histochemistry, immunofluorescence, fluorescence-activated cell sorting 
(FACS), inhibition studies. However, they require one extra step to reveal them, 
usually comprised by the binding of a MAb recognizing the antibody binding 
tag (e.g., myc [12] or SV5 [116]). Just as monoclonals are variable in their util- 
ity in different applications, the same is also true of antibodies derived by 
phage display: some are effective in immunoprecipitation, and others are not; 
some are functional in Western blotting and others are not. Natural antibodies 
are dimeric, and this gives them greater avidity and greater effective affinities 
when used for research purposes. In contrast, antibodies selected from phage 
antibody libraries are monomeric. However, they can be made dimeric or mul- 
timeric by using coiled coils or tetramerization domains (69,117), so theoreti- 
cally providing the same advantages. In addition, it has been shown that 
"chelating antibodies," in which two scFvs that recognize different epitopes on 
the same target are cloned head to tail, provide enormous increases in affinity 
(118). These strategies, or modifications of them, represent a relatively easy 
way to increase the effective functional affinities of selected scFvs, and will be 
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important in the high-throughput use of scFvs. Alkaline phosphatase is a 
dimeric enzyme that is frequently used in antibody applications, and scFv-alka- 
line phosphatase fusions (119-122) have been used in a number of different 
applications, combining the advantages of dimerization with a detection 
domain. 

Some scFvs selected from phage antibody libraries have been shown to have 
low yields and stability. Although these can be increased, using methods 
described here, this represents an important issue for the use of these binding 
ligands in high throughput. The stability issue can be overcome by using Fabs 
(24), although the expression levels, in molar terms, are usually lower, and 
would require recloning, unless the library is in the Fab format initially. One 
method to overcome the problem of low stability and yield is to create libraries 
in which high percentages of the scFvs are stable and well-expressed, as 
described here. The development of such libraries will be essential to the adop- 
tion of this technology in proteomics. 

The vectors used for antibody selection are not usually the best for subse- 
quent use. As a result, some groups have worked toward the creation of inte- 
grated systems in which selected scFv genes can be excised from selection 
vectors and recloned into downstream vectors with different useful properties. 
A non-comprehensive list of examples includes vectors for enhanced expres- 
sion (123), miniantibodies and dimerization domains (75,123), Fabs (75), alka- 
line phosphatase fusion proteins (121,123), targeting vectors for intracellular 
immunization (124), or vectors that allow the transfer of V regions from scFvs 
to full-length immunoglobulins for mammalian expression (75,125). These all 
rely on the use of restriction sites, which are rare in V genes, to be present at 
corresponding sites in the different vectors. An alternative approach is the use 
of recombination to transfer selected antibodies from the selection vector to a 
downstream expression vector. Until now, this problem has been faced mainly 
by researchers who clone large collections of individual genes with specific 
primers (e.g. C. elegans [126]), and has been tackled using lambda-based 
recombination (127) (the Gateway™ system), in which genes are cloned into a 
vector containing mutated attL sites. Once in the attL (entry) vector, inserts can 
be easily transferred to destination vectors containing compatible attR sites, 
with recombination resulting in the gene of interest, flanked by attB sites, in the 
destination vector. Although this method is very effective for individual genes, 
the asymmetrical nature of the recombination sites renders it inappropriate for 
library-based selection methods. In particular, recombination sites that flank 
binding ligands in libraries should be short and translatable into short peptides 
that have little effect on the function of the binding ligand, with either the same 
short peptides, or equally innocuous peptides, being present after recombina- 
tion. Although attB sites are short (24 bases), attP, L, and R sites are all greater 
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than 100 bases. As a result, although a binding ligand library flanked by attB 
sites can be made, the transfer of selected clones to a useful secondary vector 
would have to involve two rounds of recombination, first into an attL-contain- 
ing vector and then out to another attB-containing destination vector. Cre 
recombinase-mediated recombination of lox sites is conceptually far simpler 
than lambda-based recombination. Each lox site is 34-bp long, and homolo- 
gous lox sites recombine at high efficiency to reproduce the same lox site. Het- 
erologous sites recombine with one another at very low efficiencies (128-130). 
The 511 lox site has been used as a linker between Vl and Vh in one phage-dis- 
play library (23), with display levels as good as or better than those of the stan- 
dard Gly-Ser linker. Providing the addition of translated lox sites at the N and 
C termini of scFvs has no effect on expression or display levels, and is not toxic 
to bacteria, a phage antibody library in which scFvs were flanked by such sites 
would allow the shuttling of selected scFvs from a selection vector to a down- 
stream vector, completely avoiding the need for any manipulation of DNA 
whatsoever. 

6.2. Using Antibodies in Proteomics Applications 

Antibodies are traditionally used individually, or in small numbers, to deter- 
mine characteristics of a gene product such as tissue distribution, cellular local- 
ization, post-translational modifications, expression levels, and complexes 
formed, using such techniques as immunofluorescence, immunohistochem- 
istry, Western blots, and immunoprecipitation. The application of such tradi- 
tional antibody techniques on a proteomic scale using antibodies selected from 
phage antibody libraries will require significant modification of current proto- 
cols to allow the reliable high-throughput accumulation of data that is poten- 
tially possible. However, once developed, such protocols will be able to 
provide immense amounts of useful information that has the potential to be 
stored in easily accessible databases, analogous to that which has been created 
by the tagging of single genes in yeast. 

6.2. 1. Antibody Chips 

The real promise of antibodies selected from phage display and other 
libraries on a genomic scale lies in global proteomic experiments analogous to 
those that have been carried out in the RNA sphere using DNA chips, in which 
all proteins can be examined simultaneously for increases or decreases in either 
levels or specific post-translational modifications following experimental 
manipulations. Initial experiments with protein or antibody chips 
(114,115,131-133) are promising, and small changes in protein levels can be 
detected. Many of these have been carried out with antibodies purchased from 
commercial suppliers, and as a result have been applied to the detection of 
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well-characterized targets. There are three standard formats for these experi- 
ments (see Fig. 1): i) Antibody arrays with labeled extracts (114,115): capture 
antibodies are fixed to a solid support (chip) in a spatially addressable manner, 
cell extracts labeled with fluorescent dyes are incubated with the chip, and after 
washing, those antibodies with bound components present in the labeled cell 
extract can be identified. This can be carried out on single extracts, or by the 
use of two different dyes with non-overlapping excitation and emission spectra, 
protein levels between two different conditions that are analogous to similar 
mRNA experiments, can be compared, ii) Antibody arrays with labeled detec- 
tion antibodies (134) : capture antibodies are similarly fixed to a solid surface in 
an addressable fashion. This is incubated with nonlabeled extracts, and labeled 
detection antibodies, which recognize different epitopes than those recognized 
by the capture antibodies, are subsequently added to identify the capture anti- 
bodies with bound specific components in the added extract, iii) Reverse phase 
protein arrays (133): cell extracts are fixed to a solid surface, and antibodies 
are arrayed in an addressable fashion directly on the immobilized cell extracts. 
After washing, antibodies that have bound antigens recognized in the extract 
are revealed either enzymatically or by fluorescence by the addition of appro- 
priate secondary labeled antibodies. The main problem with the first approach 
is the need to label extracts. Not all proteins are equally labeled, some labeling 
may destroy antibody binding sites, and if an antibody recognizes one compo- 
nent of a protein complex, erroneously high labeling levels will be obtained 
when the whole labeled complex binds. However, this approach does allow the 
easy comparison between different protein extracts. The second approach is the 
most specific — as each analyte must be recognized by two antibodies to pro- 
vide a signal — but suffers from the problem that pairs of antibodies must be 
identified for each target, and one of these must be specifically labeled. This 
platform has already been commercialized for a limited number of cytokines 
and interleukins using rolling-circle amplification as an extremely sensitive 
detection method (134), but it is difficult to imagine being applied on a 
genomic scale. The last approach appears to be extremely sensitive when enzy- 
matic amplification is used, and is perhaps the simplest conceptually, but the 
stability of antigens recognized when deposited in solid phase is a concern. 
Each of these approaches could be used with antibodies derived from biomole- 
cular diversity libraries, if such antibodies have the appropriate stability to be 
able to remain functional when fixed to solid surfaces (in the first two cases). 
This field is very much in flux, and all aspects, including binding ligands, sur- 
faces, chemistry, dyes, and arraying and scanning tools, are still under investi- 
gation. The major advantage that molecular diversity libraries will bring to this 
field is the possibility of supplying large numbers of defined monoclonal 
recombinant antibodies against different targets. 
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Fig. 1. Three possible detection modalities on antibody chips. 



6.2.2. Intracellular Antibodies 

In general, the technologies described here provide descriptive information on 
gene products. Information on function can be obtained if antibodies are 
expressed intracellularly (90), and either inhibit the function of a gene of interest 
(135-141) or redirect it away from its usual site of action, so that it is no longer 
able to function (142). In general, the term "intracellular antibodies" is applied 
somewhat indiscriminately, but different cellular compartments have very differ- 
ent properties: the cytoplasm and nucleus are reducing, and the endoplasmic 
reticulum is oxidizing. As a result, the expression challenges vary considerably. 
It is generally not too difficult to express antibodies or their fragments within the 
endoplasmic reticulum — this is their normal route of production, and many 
reports of successful intracellular antibody function are within this compartment 
(140,143,144). Expression within the cytoplasm or nucleus is far more difficult, 
and stability within the cytoplasm, rather than affinity, appears to be the most 
important predictor of intracellular functionality (97-99), indicating the impor- 
tance of selecting antibodies from libraries of stable antibodies. Studies on the 
identification of stable antibody scaffolds (89,99,108-110) will probably lead to 
libraries of antibodies in which a high proportion are stable under intracellular 
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conditions. By transferring antibodies selected from such libraries directly into 
intracellular expression vectors (124), and transfecting constructs into cell lines, 
it should be possible to adopt this technology in high throughput. Consideration 
must be given to the assay used to evaluate the function of antibodies expressed 
intracellularly, and in general, this technology will be most powerful when spe- 
cific pathways are examined for the effect of the inhibition of individual compo- 
nents of that pathway. Such inhibition could be specifically directed toward 
putative components of such pathways (e.g., caspase proteins in apoptosis), or 
could be carried out with no preconceptions, by selecting intracellular antibodies 
that are able to inhibit specific pathways and then identifying the targets recog- 
nized. Pathways with defined selectable end points such as apoptotic pathways 
or drug sensitivities, are particularly appropriate for such broad studies. For 
other uses of intracellular antibodies, consideration must be given to the pheno- 
type under examination. 

7. Conclusion 

The study of proteomes will be considerably enhanced by the availability of 
wide panels of well-characterized binding ligands, with the potential to provide 
information on distribution, post-translational modifications, and complex for- 
mation and function. Antibodies are the best-characterized binding ligands, and 
in vitro methods to select and modify them have been extensively developed. 
As a result, antibodies are likely to be the most important binding ligands of 
this type, although other binding ligands are under development and may offer 
advantages. The selection of such ligands will almost certainly require multiple 
approaches, depending upon the state of progress of genome characterization, 
and their use will require efficient production methods. Consideration should 
be made to the storage, access, and dissemination of the information acquired, 
and web-based databases are likely to be important (see also Chapter 1). 
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Targeting of Antibodies Using Aptamers 

Sotiris Missailidis 

1. Introduction 

Antibodies are traditionally viewed as targeting entities that are used to 
specifically recognize and target other molecules, antigens, or receptors. How- 
ever, there are occasions in which cognate ligands are generated against the 
antibodies themselves. The number of useful applications that rely on the 
recognition and targeting of antibodies extends to various diseases, including 
cancer, inflammation, and autoimmune disorders. For example, anti-idiotypic 
antibodies have been generated to target surface immunoglobulins on neoplas- 
tic B-lymphocytes and plasma cells for the treatment of lymphomas and 
leukaemias (1,2). Such idiotypic determinants are tumor-specific, and have 
been exploited in a number of immunotherapeutic approaches, either in the 
form of vaccines (3-11) or as the target of anti-idiotypic antibodies (12-24). 
The latter, in particular, have been used successfully both in the unconjugated 
mono- and bi-specific forms (13,14,17), or as conjugates to other agents such 
as interleukin-2 (18-20), cytotoxic drugs (23), or radioisotopes (12,22). In 
addition to haematological malignancies, antibodies are also implicated in 
autoimmune disorders and transplant rejection, and they could become possi- 
ble targets in the management of these conditions. On the other hand, antigen- 
mimics, whether structural, functional or both, can be produced against a target 
antibody. Such mimics have been used in raising antibodies (25) and as anti- 
inflammatory and anti-tumor agents (26). In addition, RNA aptamers have 
recently been used as antigen mimics to elude patient autoantibodies from 
binding to acetylcholine receptors in the control of myasthenia gravis (27). 
Finally, molecules with binding specificity for antibodies could also be used in 
the generation of immunoaffmity matrices for the purification of antibodies. To 
fulfill the promise of antibody targeting, significant interest has emerged in the 
generation of peptide ligands against antibody targets using phage-display gen- 

From: Methods in Molecular Biology, Vol. 248: Antibody Engineering: Methods and Protocols 
Edited by: B. K. C. Lo © Humana Press Inc., Totowa, NJ 

547 



548 Missailidis 

erated peptide libraries (28). However, the structural freedom of peptides and 
the resulting entropic cost upon target binding limit the use of peptide libraries 
in which high-affmity and specificity are required (29, 30). Moreover, amino 
acids are not interactive with each other in the way that nucleotides are, causing 
most small peptides to be unstructured in solution, whereas structurally stable 
proteins are large (31). 

Aptamers are a novel and particularly interesting targeting modality, with 
the ability to bind a variety of targets including proteins, peptides, enzymes, 
antibodies, various cell-surface receptors, and small organic molecules with 
sub-nanomolar and even picomolar affinities and great specificity (32). 
Aptamers are single-stranded DNA or RNA oligonucleotides that vary in size 
between 25 and 50 bases and are derived from combinatorial libraries through 
an in vitro selection process known as Systematic Evolution of Ligands 
through Exponential enrichment (SELEX). As compared to other targeting 
agents, they offer unique benefits because they bind with high affinity and 
selectivity, are not immunogenic or toxic and have good circulation clearance, 
are easily and quickly synthesized using in vitro techniques, and robust, stable 
and consistent, with no batch-to-batch variation (33). These characteristics 
make them extremely attractive as alternatives to peptides (29,30) for use in 
assays, or as diagnostic (34) and therapeutic agents. Considerable success in 
the use of aptamers as inhibitors of cellular pathways has resulted in clinical 
trials of aptamers as angiogenic inhibitors for the treatment of cancer (35). Fur- 
thermore, current research in the development of aptamers against idiotypic 
antibodies on the surface of B -lymphocytes may lead to the development of 
novel reagents for the treatment of B-cell lymphomas. These aptamers are 
specifically selected against B-cell receptors from individual patients, and thus, 
they play an important role in the design of patient-specific therapies. Finally, 
the significantly higher affinity presented by aptamers for their targets (K^s in 
the sub-nanomolar to picomolar range), compared to those of peptides (K^s in 
the micromolar and sub-micromolar range) as well as their increased stability, 
make them a preferred modality compared to peptide libraries currently in use. 
Aptamer recognition has been shown to rely strongly on the exceptional 
propensity of the nucleic acids to assume secondary and tertiary structural ele- 
ments. The number of possible thermodynamically stable structural variants 
available for an oligonucleotide sequence is much higher than the number of 
variants available for a peptide sequence of the same length (36). This is simply 
based on the ability of nucleotide bases to interact with each other through 
canonical Watson-Crick as well as unusual base pairing. The existence of 
oligonucleotide sequences that could assume a myriad of shapes within a ran- 
dom sequence library is the basis for the remarkable success that has been 
found in generating aptamers to a wide variety of target molecules. This is done 
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by a technique that involves generating a highly diverse library of oligonu- 
cleotide sequences and selecting the molecules that contain the structural fea- 
tures required for binding. The sampling of "shape space" in such libraries has 
proven to be effective for the isolation of aptamer ligands to targets that are not 
known to interact with nucleic acids physiologically (37). Moreover, antibodies 
and proteins usually exhibit extensive surfaces with ridges, grooves, projec- 
tions, and depressions, all covered with numerous H-bond donors and accep- 
tors, making them excellent targets for aptamer selection. In fact, high-affmity 
aptamers against IgE antibodies have already been selected with implications 
in allergic diseases (38). 

This chapter presents a protocol for the generation of oligonucleotide 
aptamers, using a variation of the SELEX methodology, as novel targeting enti- 
ties against antibodies and an alternative to currently used peptide ligands and 
antigen-mimics. 

2. Materials 

1. DNA oligonucleotide library with a 25-base degenerate sequence flanked by 
primer sites on either side to facilitate amplification. The library sequence used 
here is the following: 5-GGGAGACAAGAATAAACGCTCAA-(25N)-TTC- 
GACAGGAGGCTCACAACAGGC-'3, but any other primer sequence flanking 
the 25-base degenerate region (25N) could be used. All four bases (A, T, C, and G) 
are represented at each of the degenerate positions, and both the libraries and 
primers are HPLC-purified (see Note 1). 

2. Library amplification primers (for library sequence in step 1): 

a. Forward primer: 5'-GGGAGACAAGAATAAACGCTCAA-3'; 

b. Reverse primer: 5'-GCCTGTTGTGAGCCTCCTGTCGAA-3'. 

3. Target antibody, store frozen in aliquots at -20°C. 

4. Sodium carbonate buffer (0.05 M), pH 9.6: dissolve 1.59 g of Na 2 C0 3 and 2.93 g of 
NaHCC>3 in distilled water to 1 L final volume. 

5. Phosphate-buffered saline (PBS): dissolve one PBS tablet (Sigma; Cat. #P4417) in 
200 mL of distilled water to yield 0.01 M phosphate buffer, 0.0027 M KC1, and 
0.137 M NaCl, pH 7.4. Sterile-filter and store at room temperature. 

6. Blocking buffer: PBS containing 0.1% (w/v) casein. 

7. Washing buffer: PBS containing 0.05% (v/v) Tween 20. 

8. 10X PCR buffer with 15 mM MgCl 2 , deoxynucleotide 5' triphosphate (dNTP) mix 
(25 mM of each nucleotide) and 15 mM MgCl2 solution (MBI Fermentas). 

9. Taq DNA polymerase, native form (Sigma; Cat. #D1806). 
10. TOPO TA cloning kit (Invitrogen). 

3. Methods 

The method presented here is for the selection of aptamers against purified 
antibodies. The procedure is based on a one-pot experiment in which all selec- 
tion and amplification rounds take place within a single PCR tube and utilizes 
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the antibody's biophysical properties and characteristics (39). Using the 
methodological approach that permits the rapid identification of an aptamer(s) 
for an antibody, in the first instance, the antibody is adsorbed directly to the 
surface of the PCR tube, prior to the addition of the oligonucleotide library. 
Unbound aptamers are washed away, PCR reagents are added to the tube, and 
binding aptamers are amplified using PCR. High temperature during the first 
PCR cycle unfolds the antibody, thus releasing the selected aptamer and allow- 
ing for its amplification in successive PCR cycles. The entire process is then 
repeated lOx to enrich for high-affmity binders. The use of this one-pot proce- 
dure eliminates a number of chromatographic or filter separation steps that 
would otherwise be necessary. In so doing, it provides a rapid isolation of high 
affinity and selectivity aptamers against antibody molecules. 

3.1. Selection of Aptamers Against Antibodies: The One-Pot 
Experiment 

1. Synthesize the aptamer library at a concentration of 40 \lM (40 nmols in 1 mL). 
This would allow for about 20 copies of each possible sequence to be present in the 
library. 

2. Synthesize the forward primer at 1 mM (1 umol in 1 mL) and the reverse primer at 
40 uM (40 nmols in 1 mL). 

3. 1. 1. Amplification of Aptamer Library 

1. Prepare the following PCR mix in a thin- walled PCR tube: 

Aptamer library 100 uL (see Note 2) 

Forward primer 100 nmol (100 uL) 

Reverse primer 4 nmol ( 1 00 uL) 

1 OX PCR buffer with 1 5 mM MgCl 2 40 uL 
dNTP mix 40 uL 

15 mM MgCl 2 18uL 

Taq DNA polymerase, native form 10 U (2 uL) 

2. Perform 99 rounds (instrument limit) of PCR at 94°C (1.5 min), 56°C (0.5 min) and 
72°C (1.5 min) in a thermocycler. Include a final extension step at 72°C for 0.5 min 
and soak at 4°C (see Note 3). Add 5 U (1 uL) of Taq polymerase in the beginning 
and the second 5 U of Taq at round 50, to avoid enzyme inactivation. 

3. 1.2. Immobilization of Antibody for Aptamer Selection 

1. Dilute the target antibody in 0.05 M sodium carbonate buffer, pH 9.6, to a final con- 
centration of 10 Ug/mL (see Note 4) and add 100 uL of the antibody solution to a 
500-uL PCR tube. Incubate at 4°C overnight. 

2. Remove the excess unbound antibody using a vacuum pump or a pipet. The use of 
a pipet allows the recovery of excess antibodies for further use, and also enables the 
quantification of the level of antibody immobilization. 

3. Wash the tube 4x with 100 uL of washing buffer. 
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4. Add 500 |lL of blocking buffer to the tube and incubate at room temperature for 1 
h. Ensure that the entire antibody-coated surface is covered by the blocking buffer. 

5. Wash the tube once with 500 |lL of washing buffer. 

3. 1.3. Aptamer Selection 

1. Add the amplified aptamer library (400 |lL, from Subheading 3.1.1.) to the anti- 
body-coated and blocked PCR tube and incubate at room temperature (~20°C), for 
lh. 

2. Discard the library solution and wash the tube once with 500 |lL of washing buffer. 
All unbound sequences will be washed out and only antibody-binding sequences 
will remain in the PCR tube. 

3. Add PCR reagents to the tube as follows: 

Forward primer 400 pmol (40 (J,L) 

Reverse primer 4pmol(10|lL) 

10X PCR buffer with 15 mM MgCl 2 40 uL 
dNTP mix 10 |iL 

15mMMgCl 2 4.5 |IL 

Taq DNA polymerase, native form 7.5 U (1.5 |lL) 

Water (18Q) 24 [lh 

4. Perform 99 rounds (instrument limit) of PCR at 94°C (1.5 min), 56°C (0.5 min) and 
72°C (1.5 min) in a thermocycler include a final extension step at 72°C for 0.5 min 
and soak at 4°C (see Note 5). 

5. Repeat steps 2-4 lOx. In each round adsorb the antibody on a new PCR tube, add 
to it the PCR products of the reaction, incubate, discard the solution, add PCR 
reagents, and amplify. This allows for affinity maturation through competitive 
binding of the continuously amplified number of aptamers to the limited number of 
antibody molecules. In each round, the higher- affinity binding aptamers are 
enriched and thus displace the nonspecific binders or those that bind with lower 
affinity. At the end of the selection rounds, only one or two sequences with similar 
affinities remain. 

6. Clone the PCR products from the last round using the TOPO TA cloning kit, 
according to the manufacturer's instructions. Please note that a standard PCR 
amplification procedure with equal amounts of both primers should be carried out 
during cloning in order to obtain double-stranded forms of the PCR products 
obtained in steps 1-5. 

7. Isolate plasmid DNA from E. coli colonies harbouring the cloned aptamer 
inserts, prepare plasmid mini-preps using a standard plasmid purification kit for 
DNA sequencing. You should receive back a single sequence or more than one 
with similar affinities. Generally, you will find that you get a single sequence or 
highly homologous sequences that span different parts of the total aptamer 
sequence. 

8. Synthesize the aptamer sequences for further characterization or application. 
Modifications of the aptamer may be performed to suit particular applications (see 
Note 6). 
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4. Notes 

1. Longer degenerate regions could also be used, and there have been examples of 50- 
75, or 100-base degenerate regions. However, 25 bases are the minimum length to 
provide all the possible combinations of secondary structures in the library. Addi- 
tionally, using this length, it is easy to synthesize a complete library, without any 
possible sequence missing within the synthesis scale of a standard commercial 
oligonucleotide preparation. 

2. This would allow at least two copies of all possible sequences to be present in the 
solution. 

3. This amount of reagents allows the library to be amplified only once in the direc- 
tion using the reverse primer, and thus generating one complementary cDNA 
strand for every sequence. This subsequently gets amplified 99x on the other 
direction, thus generating 99 single-stranded sequences that are identical to the 
original DNA. 

4. The antibody can be adsorbed on the surface of the PCR tubes, not only in carbon- 
ate buffer, but also in PBS. If there is a problem using carbonate buffer, pH 9.6, 
PBS, pH 7.4 can be used instead. However, the coating efficiency was deemed to be 
superior with the use of carbonate buffer with a variety of IgG, IgM, and 
immunoglobulins purified from B-cell lymphomas, especially at lower antibody 
concentrations (author's unpublished observations). 

5. During this process, the following takes place. At the very first denaturation step at 
95°C, the coated antibody is unfolded (39), thus releasing the bound aptamers for 
amplification in subsequent thermocycling rounds. Since this is a unidirectional 
PCR, after 99 rounds of amplification (this is the limit in most PCR machines), 99 
single-stranded copies of each binding sequence will be generated. In the early 
rounds, the binding sequences will include nonspecific binding aptamers, which 
are also amplified during the PCR process. However, these will be competed out by 
the enrichment of higher binding sequences in subsequent rounds. 

6. One useful modification that may be considered is the introduction of 3'-amino 
modified groups (3'-end-cap). This will allow the coupling of the aptamer to acti- 
vated Sepharose for the generation of chromatographic materials to use in antibody 
affinity purification. Moreover, a 3'-amino-modified sugar in the nucleotide will 
provide a primary amine for the coupling of the aptamer to a chelator carrying a 
radionuclide to generate a novel targeted radiopharmaceutical. Furthermore, 3'- 
amino modification also increases the resistance of aptamers to nucleases (the prin- 
cipal serum nuclease is a 3'-exonuclease) and their blood clearance properties, thus 
making them extremely useful for in vivo targeting applications (40). 
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